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[Ru(bp~)(bpy),]~+ (bpz = 2,2’-bipyrazine; bpy = 2,2’-bipyridine) is protonated on the peripheral nitrogens of coordinated bipyrazine 
in acidic media. The protonated species [Ru(bp~H)(bpy)~]’+ emits no phosphorescence. By measurements of time-resolved 
absorption recovery of the ground-state species after saturated by pulse excitation, the excited-state lifetime of the nonemissive 
[Ru(bpzH)(bpy),]’+ formed in acidic media was determined to be 1.1 ns, which is rather short in contrast with that of the 
deprotonated species [Ru(bpz)(bp~)~]~+ (88 ns). The nonradiative relaxation process in the protonated species is so accelerated 
that the protonation equilibrium of the excited species is not established in dilute acid solution during the short period of the 
excited-state lifetime. In dilute acidic media, [Ru(bp~)(bpy)~]~+ is recovered by proton dissociation following deactivation by 
diffusion-controlled proton attack of the excited complex. The present measurements determined the rate of proton dissociation 
(kZ = (1-2) X lo8 s-I) of the [Ru(bpzH)(bpy),]’+ being formed by the nonradiative relaxation of the excited complex. 

Introduction 
The lowest excited state of [ R u ( b p ~ ) ( b p y ) ~ ] ~ +  (bpz = 2,2’- 

bipyrazine) is the “metal-to-bipyrazine” charge-transfer excited 
triplet,’ from which it emits intense phosphorescence in aqueous 
media even at room temperature. The excitation spectrum is in 
good agreement with the absorption spectrum, which exhibits a 
split metal-to-ligand charge-transfer absorption band (bands I and 
11). Resonance Raman, modes of coordinated bipyrazine in 
[ R ~ ( b p z ) ( b p y ) ~ ] ~ +  are observed as in [ R ~ ( b p z ) ~ ] ~ +  upon irra- 
diation at  wavelengths within the lower energy component band 
(band I; cmax = 488 nm) while those of coordinated bipyridine are 
detected as in [R~(bpy)~]*+ upon irradiation in the higher energy 
component band (band 11; e,,, = 406 nm).2 The absorption 
spectrum varies with increasing [H30+],  exhibiting isosbestic 
points, and shows the formation of the protonated species [Ru- 
(bpzH)(bpy),13+ in acidified media. The protonated species emits 
no phosphorescence. Even in dilute acid solutions such that no 
protonated species can be detected in absorption spectrum, the 
phosphorescence of [Ru(bp~)(bpy)~]~+ is partly quenched by H30+ 
in s ~ l u t i o n . ~  

Since the “metal-to-bipyrazine” charge-transfer excitation in- 
creases the basicity of the peripheral nitrogens of coordinated 
bipyrazine, the pK, in the excited state (pK,*) must be greater 
than the ground-state pK,. In fact, a Forster cycle4 predicts an 
increase in the excited-state basicity of coordinated bipyra~ine.~ 
However, if the nonradiative relaxation process of the protonated 
species is so accelerated that the protonation-deprotonation 
equilibrium cannot be established within the excited-state lifetime, 
the quenching in dilute acidic media is governed by the rate of 
diffusion-controlled encounter of H 3 0 +  and the excited species. 
If it is the case, the ratio of emission yields in the absence and 
presence of H30+,  C$~/C$, is given by 

where k2* is the rate constant of diffusion-controlled protonation 
of the excited species and T~ is the excited-state lifetime. In such 
a situation, the observed displacement of the phosphorescence 
titration curve @/C$o vs -log [H30+] from the curve obtained by 
the corresponding absorbance measurements should be ascribed 
to a difference of l/(k2*To) and K, but not to that of ( T ~ / T O ) & *  

and Ka,3 where TOI is the lifetime of *[Ru(bpzH)(bpy),I3+. 
The preceding paper concludes that the quenching process is 

governed by the diffusion-controlled protonation and the shift of 
titration curves obtained by absorption and emission intensity 
measurements is not a direct indication of the increase of excit- 
ed-state b a ~ i c i t y . ~  The conclusion, however, was inferred from 
the decay kinetics of * [ R u ( b p z ) ( b ~ y ) ~ ] ~ +  in dilute acidic media 
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without measurements of the decay rates of the nonemissive 
protonated excited species. In the present work, we determined 
the excited-state lifetime of the nonemissive protonated complex 
* [Ru(bpzH)(bpy),13+ by measurements of the time-resolved 
absorption recovery following saturation by pulse excitation. The 
lifetime of the protonated complex (1.1 ns) was much shorter than 
that of the deprotonated species (88 ns in H20) .  The present 
measurement supports the conclusion of the preceding paper. 

Experimental Section 
Preparation of the compound as well as the measurements of spec- 

troscopy and luminescence decay lifetimes were described in the pre- 
ceding paper.’ 

Determination of Excited-State Lifetimes of the Noduminescent 
Complex. Lifetimes for ground-state repopulation of the excited com- 
plexes were measured by means of picosecond absorption spectroscopy.5 
Degassed solutions of 10-4 M in [Ru(bp~)(bpy)~]~+ with varied hydrogen 
ion concentrations (C-10.4 M) were excited by a single pulse shot of the 
third harmonic (354 nm; 15 ps full width at half-height) from a mode- 
locked Nd:YAG laser. Absorption intensity was measured by a high- 
speed channel plate photomultiplier (Hamamatsu Photonics R-1294U) 
using the monitoring wavelengths 480 and 550 nm selected through a 
Shimadzu-Bausch & Lomb monochromator from a Xe-flash source 
triggered by the excitation pulse. The time-resolved absorption recovery 
starting just after the pulse excitation was displayed on a 1-GHz oscil- 
loscope (Tektronix 7104 equipped with a Model 7A29 amplifier) and 
recorded on a CCD video camera interfaced with an NEC PC9801-VM2 
computer. Four runs were averaged. The recovery rates were determined 
by means of the least-squares method on an NEC PC9801-F2 computer. 
The time resolution in the present work was within 500 ps. 

Results and Discussion 
A bleaching of the 480-nm absorption maximum of [Ru- 

( b p z ) ( b ~ y ) ~ ] ~ +  in aqueous solution was observed upon excitation 
by the third harmonic pulse from a Nd:YAG laser. The 
ground-state repopulation from the excited state gives rise to a 
recovery of the 480-nm band as shown in Figure 1. From the 
observed single exponential recovery, the lifetime of [Ru(bpz)- 
( b ~ y ) ~ ] ~ ’  was determined to be 89 ns, which was in good 
agreement with the lifetime determined by the single-photon- 
counting method (88 ns). This indicates no secondary reaction 
such as triplet-triplet annihilation is induced by the laser-pulse 
excitation. 
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Figure 1. Recovery curve of the ground-state [Ru(bp~)(bpy)~]~+ in 
[HpO+] = 0 M obtained by monitoring absorbance at 480 nm. The rate 
constant kl = 1.1 X lo7 s-I (T,, = 89 ns) was obtained by the best fit (-). 

Table I. Rates of Ground-State Absorbance Recovery and 
Phosphorescence Decay for a Variety of [H30+] in Aqueous Media 

[H30+] / monitoring recovery decay 
M wavelength'/nm rate/108 s-I lifetime/ns rate/108 s-' 

0 480 0.1 1 88 0.1 1 
0.02 480 1.2 3.7 2.7 
0.2 480 2.4 0.7 14 
1.2 480 3.7 
3.5 480 5.8 

550 5.5 
5.8 5 50 8.8 

10.4 550 11 

'The recovery was measured by monitoring absorbance at 480 nm 
( [ R U ( ~ P Z ) ( ~ P Y ) ~ ~ ~ + )  or at 550 nm ([RU(~PZH)(~PY)ZI~+).  

The absorption spectrum of [ R u ( b p ~ ) ( b p y ) ~ ] ~ +  varies with 
hydrogen ion concentration in aqueous media. [Ru(bpzH)- 
( b ~ y ) ~ ]  3+ exhibits a metal-to-bipyrazine charge-transfer (MLCT) 
band at 550 nm, while [Ru(bp~)(bpy)~]~+ shows the MLCT band 
a t  480 nm.' The monoprotonated species [ R u ( b p ~ H ) ( b p y ) ~ ] ~ +  
is predominant a t  6.0 M > [H30+] > 3.5 M, while the di- 
protonated species [ Ru(bpzH2) (bpy)2] 4+ predominates a t  [H30+] 
> 8.0 M.3 Both protonated species emit no phosphorescence. 

In the present work, the recovery rates were measured with 
varied [H30+] in solution. The results are summarized in Table 
I. Regardless of the variety of [H30+], recoveries of the 
ground-state species are described by single exponentials. How- 
ever, the recovery rate increases with increasing [H30+]. 

The recovery of [Ru(bpzH)(b~y)~]~+ was detected by measuring 
the time-resolved absorbance change at 550 nm in acidic solution 
[H30+] = 5.8 M, where [ R ~ ( b p z H ) ( b p y ) ~ ] ~ +  is an exclusive 
species in solution. Figure 2 presents the observed recovery curve. 
The best fit of the recovery curve was obtained by use of the 
convolution method for the damped-oscillator profile of the ex- 
citation pulse. By application of the least-squares method, the 
recovery rate was determined to be 8.8 X lo8 s-'. Thus the lifetime 
of the nonemissive complex *[Ru(bpzH)(bpy),]'+ in acidic media 
is 1 . 1  ns. The recovery rate of 1 1  X lo8 s-l in [H30+] = 10.4 
M indicates a reduction of the lifetime for further protonation 

For a low hydrogen ion concentration such as [H30+] = 
10-2-104 M where no protonated ground-state species is present 
in solution, phosphorescence of [Ru(bp~)(bpy)~]*+ is quenched 
by H30+ in solution. The quenching rate constant was determined 
by lifetime measurements to be k, = 1.5 X 1Olo M-' s-l. It is noted 
that the decay of *[Ru(bpzH)(bpy),13+, kl' = 8.8 X lo8 s-I, is 
faster than the phosphorescence decay (k,[H30+] = 1.5 X 
1010[H30+] s-l) in [H,O+] = 10-z-10-4 M. This indicates the 
phosphorescence is quenched by diffusion-controlled encounter 
of H30+ and * [ R u ( b p ~ ) ( b p y ) ~ ] ~ + .  

An identical straight line 1 + kqs0[H30+] is obtained with 
Stern-Volmer plots of phosphorescence yields and lifetimes for 
a rather wide range of hydrogen ion concentration: do/d = rO/r 
= 1 + k , ~ ~ [ H ~ 0 + ] .  This is possible only when kl' >> k-2* and 
thus the process turns out to be diffusion-controlled: do/d = rO/r 
= 1 + k2*ro[H30+].3 In other words, the protonation equilibrium 
in the excited state is not established unless kl'<< k-,*. 

( * [RU(bPZH2)(bPY)2l4+). 
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Figure 2. Recovery curve (.e.) of the ground-state [Ru(bp~H)(bpy)~]~+ 
in [H,O+] = 5.8 M obtained by monitoring absorbance at 550 nm. The 
rate constant kl = 8.8 X lo8 s-' (TO' = 1.1 ns) was determined by the best 
fit (-) obtained by use of the convolution method for the damped-os- 
cillator profile of the excitation pulse (- - -). 

In acidic media such as [H30+] = 0.2 and 0.02 M, a short-lived 
phosphorescence can be detected. If the protonation equilibrium 
of the excited species is fulfilled during the lifetimes of the excited 
species, the observed lifetime ( r )  should continuously vary with 
increasing hydrogen ion concentration from r0 for [H30]+ = 0 
up to a plateau value T,, and the excited-state proton-dissociation 
constant Ka* (=k_,*/k2*) is given by 

/' [H30+] (2) 
kl' - 
1 / ~  - kl 

Ka* = 

where kl (=1/s0 = 1 . 1  X lo7 s-l) and kl' ( = l / ~ ~  = 8.8 X lo8 
s-l) are the intrinsic decay rates of * [ R ~ ( b p z ) ( b p y ) ~ ] ~ +  and *- 
[Ru(bpzH)(bpy),13+ and 1 / ~  is the rate of phosphorescence decay 
observed as a function of [H30+]. In [H30+] = 0.2 M, the decay 
rate ( l / s  = 1.4 X lo9 s-l) turns out to be greater than kl'. 
Substitutions of these values ( l /r ,  kl, kl') and [H,O+] = 0.2 M 
into eq 2 yield a false equilibrium constant K,* = -0.07 M. This 
implies the protonation equilibrium is not established during the 
excited-state lifetime. 

It is also noted that the recovery of [Ru(bp~)(bpy)~]~+ in dilute 
acidic media is slower than the phosphorescence decay. In dilute 
acidic media where the ground-state species is exclusively [Ru- 
( b p ~ ) ( b p y ) ~ ] ~ + ,  phosphorescence is quenched by the encounter 
of H30+ and * [ R u ( b p ~ ) ( b p y ) ~ ] ~ +  in solution, while [Ru(bpz)- 
(bpy)J2+ is recovered by proton dissociation following the fast 
deactivation of *[R~(bpzH)(bpy)~]'+ formed by collision of H30+. 

The concentrations of the excited species are given as a function 
of time delay t after the pulse excitation by 

[*MI = [*MIo exp(-tlt) (3) 

where e l  = kl + kz*[H,O+] and t2 = kl' (see supplementary 
material for the derivation). The ground-state repopulation is 
detected by measuring absorbance at a wavelength X as a function 
of the time delay: 

A[OD(A,t)] = 
4 M J )  ([MI - [MI) + c(MH+,X) ([MH+l - [ m + ] )  ( 5 )  

where t(M,h) and e(MH+,X) are the molar absorbances of M and 
MH+ at wavelength X and [ E ]  and [ m + ]  are the corresponding 
equilibrium concentrations, respectively. 

Since the 354-nm laser pulse gives rise to excitation at  an 
isosbestic point of [ R ~ ( b p z ) ( b p y ) ~ ]  2+ and [ R u ( b p ~ H ) ( b p y ) ~ ] ~ + ,  
[*MIo and [*MH+Io should be proportional to [ E ]  and [m+]. 
The values of kl  (=1.1 X lo7 S-I) and kl' (=8.8 X lo8 S-I) were 
determined by the recovery rates measured a t  [H30+] = 0 and 
5.8 M, respectively. The value k2* can be determined by the 
quenching rate constant k, measured with dilute acid solutions 
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Figure 3. Observed (-. .) and calculated (-) recovery curves monitored 
at 480 nm for [Ru(bp~)(bpy)~]~+ in [H30+] = 1.2 M. By the best fit, 
the proton-dissociation and proton-association rate constants in the 
ground state were determined to be k-2 = 1.8 X lo8 s-I and k2 = 1.7 X 
IO7 M-I s-I, respectively. 

Table 11. Proton Dissociation (k2) and Association Constants (k2 ,  
k2*) of [ R U ( ~ P Z ) ( ~ P Y ) ~ I ~ +  
[H30+]/  monitoring [H30+]/ k-2/108 k2/10' k2*/10L0 

s-I M-1 s-l M-l s-I M wavelenath"/nm K. 
0 480 0 
0.02 480 0.001 1.4 0.5 1 
0.2 480 0.01 2.2 0.9 1 
1.2 480 0.11 1.8 1.7 2 
3.5 480 1.79 1.0 5.0 5 

550 1.79 1.1 5.7 5 

"The recovery was measured by monitoring absorbance at 480 nm 
( [ R u @ P z ) ( ~ P Y ) ~ ~ ~ + )  or at 550 nm ([Ru(bpzH)(bpy)213+). 

([HsO'] << K,; [MH+]/[M] = [H30']/Ka - 0). 
It should be noted that the rate constants k2 and k2* vary with 

ionic strength in solution while k-2 is independent of ionic strength. 
In the present work, the ionic strength in solution was not adjusted 
to a constant value. The ionic strength certainly increases with 
increasing concentration of added acid. Since l/Ka = k2/k-2 can 
be determined by absorption measurements as a function of hy- 
drogen ion concentration and kA2 and k-2* are independent of ionic 
strength, the observed recovery curves are simulated by optimi- 
zation with respect to k2 and k2*, both of which are assumed to 
have the same dependence on ionic strength as l/K,. Figure 3 
presents the observed and the calculated recovery curves in the 
case of [H30+] = 1.2 M. The proton-dissociation rate k-2 of 
[Ru(bpzH)(bpy),13+ in the ground state was evaluated to be 1.8 
X lo8 s-l. Table I1 summarizes the evaluated rates of diffu- 
sion-controlled protonation of the excited species (k2*), and of 
proton dissociation and association (k-2, k2) of the ground-state 
species. 
Concluding Remarks 

The lifetime of a nonemissive protonated complex, *[Ru- 
( b p ~ H ) ( b p y ) ~ ] ~ + ,  is as short as 1.1 ns in contrast with that of an 
emissive deprotonated complex, * [ R u ( b p ~ ) ( b p y ) ~ ] ~ +  (88 ns). In 
dilute acidic aqueous media, where [ R u ( b p ~ ) ( b p y ) ~ ] ~ '  is not 
protonated, the phosphorescence is quenched by a diffusion- 
controlled encounter of H30+ and the excited complex. The fast 
nonradiative relaxation in the protonated species inhibits estab- 
lishment of a protonation equilibrium of the excited complex 
during the excited-state lifetime. 

Since both protonated and deprotonated species of [Ru- 
(bpy)2(4,7-dihydroxy-l,10-phenanthroline)]2+ are emissive in 
aqueous media and their lifetimes are not very different from each 
other, the proton-dissociation constants in the ground state and 
the excited state were determined by the spectral and lifetime 
measurements with varied [H,O+] .6 The complex increases 
acidity in the excited state. On the other hand, excitation of 
[R~(bpy)~(2,2'-bipyridine-4,4~-dicarboxylic acid)] 2+ results in a 
decrease in the acidity of the carboxylic groups attached to one 
of the coordinated bipyridine~.~ A displacement between the 

(6) Giordano, P. J.; Bock, C. R.; Wrighton, M. S. J .  Am. Chem. SOC. 1978, 
100, 6960. 

titration curves obtained by absorption and emission intensity 
measurements has been attributed to a shift of protonation 
equilibrium caused by electronic excitation. 

In the case of [Ru(bp~)(bpy)~]~+,  two different titration curves 
were also obtained with varied [H30+] by absorption and emission 
intensity measurements. The displacement, however, is due to 
the rate of diffusion-controlled protonation but is not a direct 
indication of the enhancement of excited-state basicity. In the 
present work, the rate constants of protonation for *[Ru(bpz)- 
( b ~ y ) ~ ] ~ +  and [Ru(bpz)(bpy),I2+ were determined to be k2* - 
2 X 1O'O M-I s-l and k2 = 1.7 X lo7 M-' s-I ( i n [H30+] = 1.2 
M), respectively. The protonation reaction occurs in two steps: 
migration of solvated proton toward the base followed by a proton 
attack on one of the peripheral nitrogens through the hydrogen- 
bonded complex. Most of the second-order rate constants for 
typical diffusion-controlled protonation are in the range from 1O1O 
to loL1 M-I S-~.*-~O On the other hand, the dissociation rate is 
rather slow (102-105 s-l), indicating a large difference in the 
strength of the protonation bond broken. The N-H+ bond in 
[ R ~ ( b p z H ) ( b p y ) ~ ] ~ +  in the ground state is so weak that the de- 
protonation is rather fast (k-2 = 1.8 X lo* s-l in [H30+] = 1.2 
M). In contrast with the low potential energy barrier in the 
deprotonation process, a high barrier is present in the protonation; 
the rate constant k2 = 1.7 X lo7 M-I s-l i s appreciably smaller 
than anticipated for the diffusion-controlled protonations. Thus, 
the rate constants of protonation of this particular complex in the 
ground state and the excited state are described by 

k2 = kav2 exp(-E2/kT) k2* = kav2* exp(-E2*/kT) (6) 

where E2 and E2* are the activation energies of protonation in 
the ground state and the excited state, v2 and v2* are the char- 
acteristic N-H+-OH2 stretching frequencies, and k, is the dif- 
fusion-controlled bimolecular association rate, which is invariant 
regardless of whether the complex is in the ground state or in the 
excited state? The protonation reaction is remarkably accelerated 
in the excited state (k2* - 2 X 1O1O M-' s-l) up to nearly the limit 
of diffusion-controlled rate, k2* - k,. Diffusing H30+ may come 
to collision with the complex at  various other sites than the pe- 
ripheral nitrogens on the coordinated bipyrazine. However, an 
increase in k2* with reference to k2 is ascribed to an reduction 
of the barrier in the activation-controlled process in protonation 
following the diffusion-controlled encounter. This is caused by 
an enhancement in v2* and/or a reduction in E*, both of which 
are induced by MLCT excitation of the complex. In fact, the 
Forster cycle calculation predicts K,* (=k_,*/k2*) is much de- 
creased from the value of K, = 1.4 M down to 6 X M (in 
[H30+] = 3.0 M).3 In the present work, the values klf = 8.8 X 
lo8 s-] and k2* - 2 X 1Olo M-' s-l were obtained, while the value 
of kWZ* could not be experimentally determined; however, its order 
of magnitude can be estimated as k-2* = K,*k2* - 1 X lo2 s-l. 
This implies that kIf >> k-2*. The Stern-Volmer constant k, = 
k2*klf/(klf + k-2*) is given by k, = k2* if klf  >> k-2*, while k, 
= (k2*/k-2*)/klf if klf << k-2*. The facts we observed in this work 
support the conclusion of the preceding paper that the quenching 
is to be a diffusion-controlled process. Therefore, the shift of the 
emission titration curve from the absorption titration curve is due 
to a difference of the equivalent points, [H30+] = 1/(k2*T0) and 
K,, but not that of (rO'/r0)K,* and K,. This conclusion, however, 
does not necessarily contradict the possibility of enhancement of 
the excited-state basicity predicted by the Forster cycle. In fact, 
it is concluded from the present observation that k2* greater than 

(7) Giordano, P. J.; Bock, C. R.; Wrighton, M. S.; Interrante, L. V.; 
Williams, R. F. X. J .  Am. Chem. SOC. 1977, 99, 3187. Lay, P. A.; 
Sasse, W. H.  F. Inorg. Chem. 1984, 23, 4123. 

(8) Eigen, M. Z .  Elektrochem. 1960,64, 115; Pure Appl. Chem. 1963,6, 
97; Angew. Chem. 1963,75,489. Eigen, M.; De Maeyer, L. Proc. R. 
Soc. London, A 1958,247, 505. The Structure of Electrolyte Solutions; 
Hamer, W. J., Ed.; Wiley: New York, 1959; p 64. 

(9) Weller, A. Z .  Elektrochem. 1960, 114, 55; Prog. React. Kinet. 1961, 
1, 187. 

(10) Amdur, I.; Hammes, G. G. Chemical Kinetics Principles and Selected 
Topics; McGraw-Hill: New York, 1966; p 148. 



Inorg. Chem. 1989, 28, 3683-3688 3683 

H.K. thanks Professor R. Watts, University of California, Santa 
Barbara, CA, for helpful comments. 

Supplementary Material Available: Derivation of eq 3-5 (2 pages). 
Ordering information is given on any current masthead page. 

k2 is attributable to a reduction of the barrier in protonation caused 
by an increase in the excited-state basicity. 
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The behavior of 1,5-Ph4P2N4S2 (2; R = Ph) toward Lewis and Bransted acids has been investigated, and the following adducts 
have been isolated: 1 ,5-Ph4P2N4S2H+BF;, l,5-PbP2N4S2Me+CF3S03-, l,5-Ph4P2N4S2.BC13, [ 1,5-Ph4P2N4S2H?+] [CF3S03-]2 
and (1,5-Ph4P2N4S2)4.3SnC14. The monoadducts show two equally intense doublets (4Jpp = 16-23 Hz) in the ,IP NMR spectra 
and exhibit a strong Raman band at 280-290 cm-I attributed to an S-S stretching vibration. The structure of 1,5- 
Ph4P2N4S2Me+CF3S03- (3) has been determined by X-ray cr stallography. The crystals of 3 are monoclinic, space group n 1 / n ,  
with a = 14.231 ( 6 )  A, b = 10.824 (3) A, c = 19.326 (10) 1 , B  = 100.11 (4)O, V =  2930 (1) A3, Z = 4. The final R and R, 
values were 0.075 and 0.078, respectively. The folded conformation of the PzN4S2 ring is retained in 3, and the cross-ring S-S 
interaction of 2.44 A is significantly shorter than that of 2 (R = Ph) (d (S -S)  = 2.53 A). Coordination also causes a lengthening 
of the P-N and, especially, the S-N bonds involving the coordinated nitrogen to 1.67 and 1.68 A from 1.62 and 1.60 A, respectively, 
in 2 (R = Ph). The sum of the angles at the coordinated nitrogen atom is 358.0'. The 'I9Sn Mbssbauer spectrum of (1,5- 
Ph4P2N4S2)4.3SnC14 consists of a single line with 6 = 0.73 mm s-l, and the NMR spectrum of a solution of this complex shows 
a singlet at 11 1.6 ppm. A weakly coordinated structure involving three hexacoordinated tin atoms with trans-bridging 1,5- 
Ph4P2N4S2 ligands is proposed to account for these data. The 31P NMR spectra of the diadducts 1,5-Ph4PfN4R22+ (R = H, Me) 
indicate the presence of symmetrically and asymmetrically substituted isomers that interconvert in solution. 

Introduction 
Recently we reported the interaction of the 1,3-diphosphadi- 

thiatetrazocine 1 (R = Ph) with Lewis and Brernsted acids.l It 

2 - 1 - 
was observed that monoadduct formation occurs a t  a nitrogen 
between phosphorus and sulfur and, on the basis of an X-ray 
structural determinations of the methylated derivative, results in 
lengthening of the bonds (particularly from sulfur) to the coor- 
dinated nitrogen. The resulting polarization of a-electron density 
in the ring produces an -N=S=N- unit in the planar S2N3 
moiety, which forms an angle of 108' with the P N P  plane. The 
formation of symmetrical diadducts was also inferred on the basis 
of 31P N M R  data. 

1,5-Diphosphadithiatetrazocines (2; R = Me, Ph), which are 
structural isomers of 1, have been isolated and shown by X-ray 
crystallography to have folded structures with a weak cross-ring 
S-S The low yields of the early syntheses of 2, 
however, limited investigations of their reactivity to the oxidative 
addition of halogens, which occurs a t  the sulfur centers to give 
a trans-dihalogenated ring with loss of the S-S bond.4 Recent 
improvements in the preparation of 2 (R = Me, Ph)5 have fa- 
cilitated further studies, and we describe here the Lewis base 
properties of 2 (R = Ph). N o  ambiguity exists over the site of 
coordination for monoadducts of 2, since all four nitrogen atoms 
are chemically equivalent. However, the effect of adduct formation 
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on ring conformation, particularly with regard to the loss or 
retention of the cross-ring S-S interaction, is of interest. The 
possible formation of diadducts, for which there are three structural 
isomers, is also worthy of attention. 

The ring system 2 can be viewed as a hybrid of cyclo- 
tetraphosphazenes, (R,PN),, and S4N4. For comparison, we note 
that the formation of monoprotonated derivatives of (Me2PN)4 
gives rise to a minor perturbation of the ring conformation and 
an alternation of P-N bond lengths, the longest of which involve 
the coordinated nitrogen, that cannot be explained by inductive 
effects alonee6 Diadducts of (R2PN)4 have also been structurally 
charac te r i~ed .~ .~  Monoadducts of S4N4, including the protonated 
derivative,s all form a flattened boat structure with loss of the 
cross-ring S-S interactions. 

The crystalline adducts 1,5-Ph4P2N4S2H+BF4-, 1,5- 
Ph4P2N4S2Me+CF3S03-, 1 ,5-Ph4P2N4S2.BCl3, and (1,5- 
Ph4P2N4S2)4*3SnC14 have been isolated and characterized by 31P 
NMR,  Raman, and, in the case of the SnC1, adduct, l19Sn 
Mossbauer spectroscopy. The structure of 1 ,5-Ph4P2N4S2Me+- 
CF3S0c  was determined by X-ray crystallography. The formation 
of diadducts was monitored by 31P N M R  spectroscopy, and the 
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