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Solutions of tris(2,2'-bipyridyl)ruthenium(II) dichloride (Ru2+) 
and various types of trivalent phosphorus compounds Z3P 
(Z = Ph, nBu, OR; 1) in methanol have been photolyzed with 
visible light at 20 "C under an argon atmosphere, resultmg 
in the oxidation of 1 to the corresponding pentavalent 0x0 
compounds Z3P=0 and ligand exchange of Ru2+ with 1.  The 
former process takes place via single-electron transfer (SET) 
from 1 to Ru2+ in the photoexcited state, Ru2+*, which gene- 
rates the radlcal cation intermediate Z,P'+ from 1. The latter 
results from nucleophilic attack of 1 upon Ru2+*. The results 
show that 1 can act either as an electron donor or as a nucleo- 

phile toward Ru"+*. The rate constants for both processes are 
estimated. An excellent linear correlation is found between 
the logarithm of the SET rate and the oxidation potential for 
both the aromatic and aliphatic trivalent phosphorus com- 
pounds examined here; the slope of the plot is much less ne- 
gative than expected on the basis of Rehm-Weller theory. 
Such behavior in the SET rates is interpreted by comparison 
with SET quenching by amines. On the other hand, a dual- 
parameter correlation analysis shows that the ligand ex- 
change is regulated by both steric and electronic factors in 1. 

Trivalent phosphorus compounds Z3P undergo nucleo- 
philic attack on an electrophilic center in a highly exothcr- 
mic process to produce rather stable phosphonium ions 
(Process A in Scheme 1). 

Scheme 1.  Possible rcaction pathways of Z3P 

Process B: SET z3p'T Q 
L' I- * Z,P'+ + E' 

Based on such reactivity of Z3P, several "name" reac- 
tions, e.g. the Wittig, the Arbuzov, and the Mitsunobu reac- 
tions, have been developed"]. Meanwhile, it has become 
well known that these phosphorus compounds can also act 
as one-electron donors with good electron acceptors. Thus, 
ourselves[2][3]141[5] and othcrs[6][71[sl[91 have found single elec- 
tron transfer (SET) occurring from Zip to electron-de- 
ficient compounds such as acridinium salh in the photoex- 
cited stateL3I, diazonjum salts["], and metliyl~iologen[~], 
thereby generating the corresponding radical cations Z3P.+ 
(Process B in Scheme 1). 

Ruthenium(l1) complexes are good electron acceptors 
when phot~excited~'"~[~']['~"'~J~'~]. 111 addition, when ligated 
by bipyridyl (bpy) ligands, such complexes undergo ligand 
exchange with nucleophiles under the photochemical con- 
ditions['51['61['71[18][191. In this contcxt, it is of particular 

interest too ascertain what type of reaction takes place 
when a RU" complex having bpy ligands is photolyzed in 
the presence of Z,P; does Z3P donate an clectron to the 
ruthenium complex? Does it attack the complex in a nu- 
cleophilic fashion to bring about ligand exchange? 

We have examined the photoreaction of tris(2,2'-bipyrid- 
yl)ruthenium(II) dichloride, [Ru"(bpy),]'+ . 2 C1- (Ru"), 
with various types of trivalent phosphorus compounds Zip 
(la-j) and have found that 1 quenches the photoexcited 
state of Ru2 ' , Ru"*, through SET. whilc ligand exchange 
reaction of Ru2+* with 1 takes place competitively. This is 
the first observation o f  ZIP simultaneously acting as a one- 
electron donor and as a nucleophile toward a single reagent 
under a specific set of conditions. The photoreaction is a 
useful tool, not only for individually investigating the ener- 
getics of the SET from 1 to Ru2+* and the ligand exchange 
of Ru2+* with 1. but also to find factors which determine 
the relative importance of one-clcctron donor character and 
nucleophilic character in a given trivalent phosphorus com- 
pound. 

In this papcr, we report on kinetic analysis of the photo- 
reaction of 1 with Ku" and, based on the rate constants 
obtained. we discuss the energetics of the two distinct pro- 
cesses occurring in the photoreaction. After that, we present 
our assessment of how thc one-electron donor character 
and the nuclcophilic character of 1 are related to each other. 
Of special importance here is thc determination of ratc con- 
stants for the SET from 1: there has hitherto been no report 
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on the kinetics of SET from trivalent phosphorus com- 
pounds. 

Results 

.~pectrophotometr):: Solutions of Ru2+ in methanol 
(2.50.10p5 M) were photolyzed with light from a xenon 
lamp (A > 360 nrn with a sharp-cut glass filter) in the pre- 
sence of a large excess of 1 (2.50. lop4 M) under an argon 
atmosphere at 20 "C. Spectrophotomctric analysis showed 
that Ru2+ was consumed gradually with simultaneous in- 
crease in an absorption at around 500 nm, which is charac- 
teristic of the one-electron reduced form of Ru2+, RuI- 
(bpy): (Ru+)['?-][~ 3 ] .  The absorption change exhibited no 
clear isosbestic points. Exainplcs are presented in Figures 
l a  and Ib for the reactions with triphenylphosphane (lb) 
and trimethyl phosphite (lh),  respectively. 
Figure 1. UVlvisible spectral change accompanying the photoreac- 
tion of Ru2+ in the presence of a large excess of 1 in methanol. (a) 
With lb:  recorded at 0, 15. 30: 60, 90, 120, 180, 240, 300, 360: and 
480 minutes. - (b) With lh; recorded at 0: 15, 30, 45, 60, 90, 120, 

180, 240, 300, 360, and 480 minutes. 

The absorption from Ru2+ decreased even in the absence 
of 1, albeit more slowly, the reaction mixture eventually giv- 
ing a UVlvisiblc bpectrum similar to that obtained in the 
presencc of 1 (Figure 2). 

In this case, a clear isosbestic point was observed at 481 
nm. Without irradiation, Ru2+ was stable in methanol both 
in the presence and in the absence of  1. 

Product Analjuis; The photoreaction of eyuimolar 
amounts of la-j and Ru2+ (5.00. lo-' M) was carried out 
in methanol under the conditions described above. Aftcr ca. 

Figure 2. UVIvisible spectral change accompanying the photorcac- 
tion of Ru2+ in methanol in the absence of 1. Rccordcd at 0, 15. 

30, 45, 60, 90, 120, 180, 240, 300, 360, and 480 niinntcs. 

4-5 h, the reaction mixture was analyzed by GC and 
GCMS, which showed the formation of the corresponding 
oxidation product 2a-j from la-j, along with 2,2'-bipyri- 
dine (bpy). No other product could be detected by GC. The 
yields of the products as well as the percent conversions o f  
1 are summarii-ed in Table 1. 

Table 1. Photoreaction of trivalent phosphorus compound 1 with 
[Ru(bpy)#+ (Ru'+)[".~] 

Time Conv. of' 1 Yield h]"4 
entry 1 [h] rh][c,dl 2 Ru-l"r bpy[q 

1 la  5 14.6 
2 l b  5 25.7 
3 l c  5 75.5 
4 Id 5 44.5 
6 l e  5 47.1 
7 I f  5 56.0 
8 Ig 5 84.2 
9 Ih 7 51.5 
10 l i  7 59.8 
11 lj 7 576  

13.3 1.3 0 
13.5 12.2 (ll)[g' 0 
14.0Lh] 61.5 0 
12.1 32.4 13.9 
30.11'1 17.0 (141"l 1X.2 
6.3 49.7 7.5 

14.0['1 70.2 11.7 
4.7 46.8 6. I 
8.7rll 51.1 10. I 

I0 3'4 47.3 8.8 

pa] Xenon lamp; > 360 rim with a sharp-cut glass filter. - Dl In 
methanol at 20 "C under an argon atmosphere. [ l ] ~  = /Ru'-]o = 
5.00. hi. ~ Based on [I],,; determined by GC. - dl Percent 
conversion of 1. ~~ Assuming that yield(Ru-P) =%conv.(l) - 
yield(2). ~~ [fl Yield of 2,2'-bipyridine. - Isolatcd yield. - ["I In 
the absence of Ru2+, l c  was oxidized to afford 5.8% of 2c after 
photolysis for this length of time. - Total yield of the ethyl (or 
isopropyl) ester and the esters in which one or more ethyl (or iso- 
propyl) groups have been replaced by methyl group(s) from the 
solvent methanol. 

N o  decomposition of 1 was observed in the absence of 
Ru'+ either under irradiation or in the dark, except in the 
case of Ic; photooxidation of l c  took place in the absence 
of Ru2+ to givc 5.8% of 2c after 5 h of photolysis. 

Non-volatile products were isolated from the photoreac- 
tion of RuZ+ with l b  or le. One of these products was ident- 
ified as [Ru"(bpy)2(PZ3)C1]+ [PZ3 = PPh3 (Ru-P-b) or 
PZ3 = PPh,(OEt) (Ru-P-e)] based on comparison of its 
UV/visible and NMR spectra with those of an authentic 
sample. The absorption pattern, which cxhibited absorption 
maxima at 330 nm and 465 nm, was similar to those re- 
ported for [R~"(bpy)~(py)X]+ (X = NO;, NO;, and 
C10q)[171. The isolated yields of Ru-P-b and Ru-P-e were 
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determined on the basis of the absorbance at 465 nm (Tablc 
1). When a larger amount of l b  was used, Ru-P-b was ob- 
tained in a higher yield. Two phosphorus-free ruthenium 
complexes were also found in lower yields in each reaction. 
By comparison of their spectra with those of authentic 
samples, these were identified as the starling material RuZ+ 
and [R~"(bpy)~Cl~]  (Ru-Cl) (h,,, = 380 and 556 nm)rl7l. 
Clearly, these complexes result from oxidation of Ru' dur- 
ing the work-up procedure and further replacement of the 
ligand in Ru-P by C1-, respectively. 

The photolysis of Ru+ with l b  or Id in methanol was 
also carried out using monochromatic light at 450 nni un- 
der otherwise identical conditions. After 5 h, the percent 
conversion of 1 and the yield of 2 were determined by GC 
(Table 2). 
Table 2. Photoreaction of 1 with Ru2' undcr the irradiation of 

monochromatic light at 450 nm'" b] 

Conv. of 1 Yield ~%]["] 
entry 1 p/o]wl 2 Ru-P[" 

I l b  39.6 (0.016) 19.7 (0.0078) 19.9 (0.0078) 
2 l d  43.2 (0.017) 10.2 (0.0040) 33.0 (0.013) 

['I Xenon lamp with an interference filter Reaction time: 5 h Num- 
bers in  parentheses denote quantum yields.- lb-el SCC footnotes 
We] in Table 1, respectively. 

Thc intensity of the incident light at 450 nm under our 
experimental conditions was determined using a potassium 
ferrioxalato actinometer to be 1.76. lop6 einstein . s-Lcni-2. 
This value was used to calculate the quantum yields of the 
products, which are listed in Table 2 .  

The results of spcctrophotometric and product analyses 
showed that the present photoreaction between 1 and Ru'+ 
affords 2, Ru+ and Ru-P, along with bpy (eq. 1). 

hv 

in MeOH I Ar I20"C 
Z3P + Ru"(bpy),'+ - 

l a ,  Ph,MesP Ru2+ 
1 b; Ph3P 
lc; nBu3P 
Id; Ph,(MeO)P 
le;  Ph2(EtO)P 
If; Ph(MeO)*P 
l g ;  Ph(EtO)2P 
1 h; (Me0)3P 
li; (Et0)3P 
11: (rPrO),P 

Kinetics: Kinetic measurements were made on the photo- 
reaction under pseudo-first-order conditions with 1 being 
present in large excess. and the disappearance of Ru2+ was 
followed by periodically monitoring the luminescence from 
Ru'+* on a spectrofluorophotometer. Linear dependence of 
[Ru2+] on the intensity of thc luminescence over the range 
of concentrations used here was confirmed independently. 
Logarithmic plots of [Ru'+] vs. time gave straight lines for 
a range of more than three half-lives (correlation coeficicnt 
r > 0.9990). and from the slopes of these observed pseudo- 

first-order rate constants Pbq were determined[?OI. Experi- 
ments were performed at different concentrations of 1, and 
Pb' was plotted against [llO. Each of the straight line plots 
obtained for the compounds la - j  gave a common value 
for the intercept, which approximated to the first- 
order rate constant for photodecomposition of Ru2+, 
kgbs (= 2.16. lop4 s-l), determined in the absence of 1 
(Figure 3). 

Figurc 3. Plot of Pbb vs. [l]" 
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The findings show that decrease in Fu2+] lollows second- 
order kinetics represented by eq. 2, with the second-order 
rate constant kcxp The values of lc,,,, each of which was 
determincd from the slope of the plots in Figure 3, are sum- 
marized in Table 3. 

Table 3. Kinetic parameters for the photoreaction of 1 with Ru2+KaI 

1 l a  5.15 2.35 0.459 
2 l b  7.95 2.09 3.77 
jlcl Ib 0.570 0.142 0.286 
4 l c  27.8 1 . 64Ld] 24.5rd1 
5 Id 11.6 1.58 8.44 
6ri.1 Id 0.850 0.101 0.0649 
7 l e  4.75 1.52 1.71 
8 I f  18.3 1.03 16.2 
9 1g 14.2 1.18 11.8 

16.4 10 l h  18.0 0.821 
I 1  l i  9.95 0.724 8.50 
12 1j 8.90 0.796 7.31 

Xenon lamp; h > 360 nni unless otherwise notcd. In methanol 
at 20 "C under an argon atinospherc. [lI0 = (1.0-3.0).10-4 M. 
[Ru2+],, = 1 .0. lo-' M. ~ Lb] Evaluated based on kexp = a(2/c, + kx); 
see the text. - Ld] Calculated taking into account that l c  is oxidized 
(5.8%)) in the absence of Ru2+ under these conditions. - ['I Irradi- 
ated with monochromatic light at 450 nm. 

-A[Ru'+]/dt = (k,,,[l] + k~hs)[R~Z'] (2 ) 

Kinetic studies of the reactions with l b  and Id were also 
carried out by irradiation with monochromatic light at 450 
nm under otherwise identical conditions. The decrease in 
[Ru2'] again followed eq. 2 with the second-order rate con- 
stant kexp (entries 3 and 6 in Table 3)L2l]. 
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Discussion 

Mechanisnz: Under our photochemical conditions, Ru2+ 
is photoexcited to its metal-to-ligand charge-transfer 
(MLCT) photoexcited state, Ru" *, which is known to be 
a good oxidant (eq. 3)['"1["1. 

(3) --T Ru*+* Ru'' __ 
hv 

Meanwhilc, the ability of trivalent phosphorus com- 
pounds to act as one-electron donors has been well docu- 

by single-electron transfer (SET) from 1, generating Rut as 
well as the radical cation 1'+ (eq. 4, path a). 

mented [21 141 [51[61[7l [XI [221. Therefore, Ru2+ * is quenched 

Ru-P 
path b 

The formation of the oxidation product 2 i c  evidence Tor 
generation of lo+. As has been observed previo~sly['l[~1[~1, 
lot reacts with methanol to give a phosphoranyl radical 3', 
which collapses to 2 through another SET to Ru2+*. This 
is followed by elimination of a methyl cation equivalent 
from the resulting phosphonium ion 3+ (eq. 5). 

SET + - Me+ 
Ru2'* Ru+ 

1'+ + MeOH A Z,b-OMe Z,P-OMe - 2 (5) 
-H+ 3. fasf 3+ 

The SET from 3' to Ru2+* in this reaction sequence is 
highly exothermic and takes place in a practically iri-ever- 
sible way, sincc peak potentials of la-j, E Y ,  which were 
determined by cyclic voltammetry in acetonitrile as listed 
in Table 4, are significantly highcr than the reported values 
for half-wave potentials of phosphonium cations [Ell2 = 

-2.15 - (-1.66) V vs. SCE]1231. P-Scission of 30, which 
could afford 2 directly. is not likely to occur because the 
process would produce a very unstable methyl radi- 
cal['11511741. In addition, the reactions of the ethyl esters le, 
lg ,  and l i ,  and of the isopropyl ester l j .  give products that 
result from transesterification with the solvent. Among 
these products, thc esters in which more than one ethyl (or 
isopropyl) groups are replaced by methyl groups from the 
solvent are formed only via the phosphoniuni cation intcr- 
mediate 3+[4d1. 

The photoreaction of Ru2+ with 1 also produces the ru- 
thenium complex Ru-P, which contains 1 as a ligand, 
thereby demonstrating that ligand exchange of Ru2 + * with 
1 takes place under the photochemical conditions (eq. 4, 
path b), in competition with the SET process (eq. 4, path 
a). It is known that the bpy ligand in Ru2+ or related coin- 
plexes is easily replaced by amines or anions such as 
C1-, NCS-, or NO; under photochemical condi- 
tions['5]~i6'~17][1s1[19]. The isolated yields of Ru-P-h (1 1%) 
and Ru-P-e (14%)) from the reactions with l b  and le, respec- 
tively, account well for the discrepancy found between the 
percent conversion of 1 and the yield of 2 (25.7% - 
13.5% = 12.2% for l b  and 47.1% - 30.1% = 17.0% for le, 
respectively) (entries 2 and 6 in Table 1). Thus, in Table 1 

Table 4. Pertinent parameters of 1 

1 EFCd] [V] 0 Ib] [deg.] dc1 [cm-'1 

l a  0.82 167 2067.4 
l b  0.94 145 20hX.9 
l c  1.10 132 2060.3 
Id 1.24 132 2072.0 
l e  1.20 133 2071.6 
If 1.52 115 2075.8 

l h  1.84 107 2079.5 
l i  1.90 I09 2076.3 
I j  1.86 130 2075.9 

Ig 1.50 116 2074.6 

La] Peak potential vs. Ag/Agi. Determined in acetonitrile using 
Et4NBF4 (0.10 M) as the supporting electrolyte. -~ rb] Cone angle. 
Data from ref."""] - ''1 CO strctching frequency v of 
Ni(CO),(Z,P). Data from refs.[34a][[3s]. 

the discrepancies arc listed as the yield of Ru-P for each re- 
action. 

The change in the UV/visible spectrum during the course 
of photolysis does not exhibit clear isosbestic poiiits (Figure 
1 ), suggesting that Ru2+ is consumed via a multistep mecha- 
nism. In fact, photochemical ligand exchange of Ru2+ with 
amines, NCS-, or OH- has also been found to proceed 
without showing clear isosbestic points in the ac- 
companying spectral This observation has led 
to the conclusion that the bpy ligand in Ru2+ is rcplaced 
by nucleophiles in a stepwise fashion via a monodentate 
intermediate that bears a singly bound bpy ligand. Our ob- 
servation in Figure 1 can therefore be attributed to a step- 
wise ligand exchange occurring via a monodentate complex, 
[RuTT(bpy),PZ3(bpy)IC (Ru-P'). In contrast, photolysis of a 
solution of Ru2+ in the absence of 1 ~ in the course of which 
Ru2+ is consumed solely through the photochemical re- 
duction to Ru+, results in a similar spectral change. but an 
isosbestic point at 481 nm is distinct throughout the pho- 
tolysis (Figure 2). 

The ligand exchange should liberate a bpy ligand, which 
indeed was detected by GC. However, in most cases thc 
yield or bpy was lower than expected. Since it is a more 
polar molecule than 1 or 2, some bpy was probably lost 
during the treatment of the reaction mixture on silica gel 
prior to GC injection (see Experimental Section). Another 
possibility, although it seems less likely, is that in some cases 
a monodentate complex Ru-P' initially formed during the 
photoreaction is reluctant to collapse to Ru-P and bpy (eq. 
6)[171[191, thereby lowering the yield or bpy detccted by GC. 

In other words, although not suficiently stable to be iso- 
lated, Ru-P' is a product of ligand exchange in the reaction 
mixture['9]. If such a mechanism were operative here, the 
observation that bpy is detected only in the photoreactions 
with trivalent phosphorus compounds containing a P -0  
bond (see Table 1) gives an indication of the stability of 
phosphorus-to-metal coordination in organometallic com- 

1702 Cheni. BwIRecueil 1997, 130, 1699- 1707 



Dichotoiny in the Reactivity of Trivalent Phosphorus Compouiids Z3P FULL PAPER 
plexes. At present, however, we do not have further data to 
allow more detailed discussion of this point. 

In conclusion, the photoreaction of 1 with Ru2+ results 
in both SET from 1 to Ru2+* and in ligand exchange of 
Ru2+* with 1. For a complete mechanistic picture of the 
present photoreaction, several side reactions also need to 
be considered. Gradual disappearance of Ru2' observed 
even in the absence of 1 in mcthaiiol (Figure 2) may result 
from SET quenching of Ru"* by the ~olventL~~1; this pro- 
cess would be favored by being coupled with energy-gaining 
decomposition of the resulting methanol cation radical to 
formaldehyde (eq. 7). Meanwhile, Ru2+ is regenerated 
through decay of Ru2+* (eq. 8) and "back" electron-trans- 
fer from Rut to I * +  in the ground state (cq. 9). Thus, the 
present photoreaction consists of the individual reactions 
summarized in Scheme 2. 

Ru2+* + MeOH - Ru+ + (MeOH)" - -CH,OH -4 CH2=0 
kd - H+ 

(7) 
SET 

Kinetic Analysis of the Photoreartion: According to 
Scheme 2. the disappearance of Ru" is expressed by 

-it[R~'+]/dt = $'Ia - ~,,[Ru'+*] - kb[l"][R~'] (10) 

where $' and Z, are thc efficiency or populating R u ' + * [ ~ ~ ]  
and the intensity of the light absorbed by Ru2+, respectively. 

The ratc constant for the ionic reaction of lc" with 
methanol, k,, has been estimated to be of the order of 10' 
M - ~ s ~ ' [ ~ ] [ ~ ~ ] .  Meanwhile, [MeOH] = 25 M and the maxima 
of kb and [RuC] are lo lo  M - I s - '  and lop5 M, respectively, 
under our experimental conditions. T ~ L L S ,  kb[Ru'] << 
/c,[MeOH]. Using this approximation and assuming steady- 
state concentrations of Ru2+*, lo+, and 3*, eq. (10) can ultl- 
niately be expressed as eq. (1 1). 

It has bcen shown that $' for Ru" complexes is close to 
unityL2'1. In addition, as indicated by very low quantum 

Scheme 2. Mechanism of the photoreaction of 1 with Ru2 ' in me- 
thanol 

kx 
* Ru-P 

Ru2+" 

f 
1 

- Me+ 

Rut 

yields of 2 and Ru-P (Table 2). k, is much more significant 
in magnitude than the other terms in the denominator of 
this As a result, eq. 11 reduces to 

(1 2) 

with relationships Z, = 2.3~ZJRu~+]l and /c, = Ih, ,  where 
E and I, arc the extinction cocficient of Ru2- and the inten- 
sity of the incident light, respectively, I is the thickness of 
the reaction vessel. and z, is the lifetime of the luminescence 
from Ru2+*. Eq. 12 is combined with the experimentally 
determined rate equation, eq. 2, giving the rclationship 

-rl[R~~+]ldt = (2.3~@'1,~,0((2k, + Ic,)LI] + kd }[Ru'+] 

Taking into account 2kJk, = Y/ (X  - y), where X and Y 
are thc percent conversion of 1 and the yield of 2 listed in 
Table 1, respectively, Crk, and uk, for each reaction are 
evaluated from kesp as summarized in Table 3. The rate con- 
stants evaluated yield a constant value of a,  which is not 
determinable under the conditions of irradiation with mul- 
tichroinatic light. 

On the other hand, a = 1.5.10--7 is obtained under ir- 
radiation with monochromatic lighl at 450 nm by taking 
into account E~~~ = 1.40.10'' cm~-'M I ,  Z,, = 7.O4.1OK6 
einstein.sK' under the condilions, and 1 = I cm, as well as 
by assuming T, = 650 11s[~Ol. From this value of a, together 
with the rate constants ak, and N/C, determined for the reac- 
tions with l b  and Id undcr thesc conditions (entries 3 and 
6 in Table 3): absolute rate constants k, and k, for these 
reactions are detcrmincd as shown in entries 2 and 4 in 
Tablc 5. 

Then, using k,  and k,  for the reaction with l b  as stand- 
ards. absolute valucs of/<= and k ,  for the other reactions are 
calculated (Table 5). The treatment is verified by the fact 
that the calculation reproduces the expcriinentally deter- 
mined values of k,  and k ,  for the reaction with Id (entry 4 
in Fable 5). 

Energetics ofthe SET Process: The logarithms of k, listed 
iii Table 5 are plotted against peak potentials Eg, of 1 
(Table 4) in Figure 4. 

This results in an excellent linear correlation (correlation 
coefficient r = 0.994) covering various types of trivalent 
phosphorus compounds. The points for both aliphatic and 
aromatic trivalent phosphorus compounds fall on a single 
line, which is in sharp contrast to the findings for the SET 
quenching by amines. Photoreactions of chromium, iridium 
and ruthenium complexesr3'1 as well as of metliylene 
with amines have been investigated kinetically. The studies 
have shown that SET quenching of these photoexcited oxi- 
dants takes place more slowly with aliphatic amines than 
with aromatic amines, rcsulting in two distinct lines in the 
plots. It has been ai-gued that the slower SET quenching by 
aliphatic amines results from the localization of the lonc- 
pair n-electrons on the nitrogen atom, thus requiring greater 
reorganization energy during the SET. In the case of aro- 
matic amines, on the other hand, n-n overlap between the 
aromatic rings of the amine quencher and of the oxidant 
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Table 5 Absolute rate constants for the SET m d  tlie ligand ex- 
change 

- ___ 
entry 1 A,. 10 4181 k-, 10 

[M-'? - ' ]  [Mr ' b- '1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

la  
I h  
lc 
Id 
le  
If 

l h  
l i  

'g 

Ij 

10.6 
(Y.47)"l 
7.43 
7.1 6(6.73)["] 
6.89 
4.67 
5.35 
3.72 
3.28 
3.61 

0.233 
(1 .91)Lc1 
12.4 

0.866 
8.21 

8.31 
4.3 1 
3.1 

4.28(3.33)[4 

5.98 

'-'I Calculated based on k,(lx) = k,(lb)X[ak,(lx)/nk,(lb)l]. - Cai- 
culated bascd on k,(lx) = k,(lb)X[afc,(lx)/cik,(lb)]. - 'J Values In  
parentheses denote the rate constants determined experimentally. 

Figure 4. Plot of lo&, vs. E;: Filled and open circles denote the 
points for aromatic and aliphatic compounds, respectively 

06 08 10 1.2 14 16 18 2.0 

€: vs AgiAg+. V 

enhances the quenching rate. lf such arguments hold true 
for the present reaction, the single line seen in Figure 4 is 
indication that for both the aliphatic and aromatic trivalent 
phosphorus compounds examined here, the n-electrons to 
be transferred are localized on the phosphorus atom, and 
that the aromatic ligands in aromatic trivalent phosphorus 
compounds are incapable of n-7c overlap with bipyridine li- 
gands in Ru2 t *. 

The slope of the plot (Alogkri/A.EF) in Figure 4 provides 
additional important information. According to the Rehm- 
Weller the slope is -96500/2.3RT (= -17.2 at 
20 "C) when the oxidation potential of the reductant is 
higher than the reduction potential of the oxidant. The 
slope for the present reaction should be of this magnitude 
since the measured peak oxidation potentials for the reduc- 
tants, la-j, are certainly higher than the reported value of 
the reduction potential for the oxidant, Ru2+* (Eredo = 0.84 
V[l2I). However. the experimentally determined slope of 
-0.46 is much less negative than expected from the theory. 
Weaker than expected dependences of SET quenching rates 
on oxidation potentials of qucnchcrs have also been ob- 
served in the quenching of photoexcited states of transition 
metal c o m p l e x e ~ ~ ~ ' ~  and methylene a ith aliphatic 
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amines, whereas the SET quenching rate with aromatic ami- 
nes depends on the oxidation potentials in accordance with 
the theory. The observations have been rationalized in terms 
of the formation of charge-transfer (CT) complexes bet- 
ween the photoexcited oxidants and aliphatic amines, 
within which SET takes place. Thus, our observation here 
(Figure 4) can be taken a5 an indication of CT complex 
formation between 1 and Ru2+*, with subsequent SET. 

Photochemical Lignnd Ex-clicmge of Ru2 + with 1: Antici- 
pating that bulkiness of 1 might regulate the rate of the 
ligand exchange, the logarithms of k ,  listed in Table 5 were 
plotted against cone angles 8, this being a measure of the 
steric bulk of trivalen t phosphorus compounds proposed by 
Tolman (Table 4)L3'{]. 

Figure 5. Scattered plot of logk, vs. 0 
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As can be seen in Figure 5 ,  there is a tendency for 1 to 
become more reactive in ligand exchange as its cone angle 
decreases, but the correlalion is rather poor (correlation co- 
efficient, Y = 0.79). Alternatively, an electronic factor in 1 
may contribute to the rate of the ljgand exchange. Such a 
factor of a trivalent phosphorus compound is represented 
by the CO stretching frequcncy v of a transition metal car- 
bony1 having the trivalent phosphorus compound as a li- 
gand, e.g. Ni(CO)3(Z3P)[74]['5]. It has been pointed out that 
v 15 not affected by the bulkiness of the substituents on the 
phosphorus. so that it gives a convenient measure of a 
purely electronic factor. For a variety of trivalent phos- 
phorus compounds, v values are available['5], and if not, the 
values can be predictcd by Thus, logk, was 
plotted against the values of v listed in Table 4, but only a 
poor correlation resulted as shown in Figure 6. 

Notable improvement in the correlation was obtained by 
linear combination of these parameters; an iterative calcu- 
lation based on a dual-paranicter equation proposed by 
Tolman (eq 14)[341 eventually gave a bcst fit with a l p  = 
0.645 as shown in Figure 7 (correlation coefficient r = 

0.89)r36]. 

log/, = a0 + pv (14) 

The ratio of the coefficients a l p  per se is not helpful for 
a quantitative evaluation of the relative importance of steric 
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Figure 6. Scattered plot of logk, vs. 1’ 
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and electronic contributions to the rate of the ligand ex- 
change; there are no  pertinent data for comparison. It is 
nevertheless important to note that the rate of the ligand 
exchange is regulated by both steric and electronic factors 
in 1. 

Figurc 7. Plot of logk, VS. 018 + pv (u/P = 0.645) 
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Several types of dual-parameter correlation analyses have 
been proposed to separate stcric and clectronic contri- 
butions in chemical reactions and physical properties[7X1[i’l. 
For example, nucleophilic reactions of trivalent phoaphorus 
compounds have been analyzed using a set of Q and pK., [371 
or a set of C, and EB We also analyLed our data 
using these parameter sets. The correlation obtained in each 
analysis, although not fully satisfactory, showed significant 
improvement from correlations derived using a single para- 
meter. 

Conipctition Between SET and Ligund Excl~ange: At this 
point, a question arises about whether or not the one-elec- 
tron donating ability and the aucleophilicity of 1 arc related 
to each other. The answer seems to have already been pre- 
sented in the above discussions. There are successes in indi- 
vidual inmpretations of the energetics of SET and ligand 

exchange processes by using different parameters, respec- 
tively; the oxidation potentials of 1 are responsible for the 
rate of the SET from 1, whereas the cone angles as well as 
the electronic factor represented by the v values account 
well for the reactivity of the ligand exchange by I .  Appar- 
ently, these parameters are not directly related to each 
other. In fact, tributylphosphane jlc) and phosphites 
(lh-j)  have poor one-electron donor character but exhibit 
high nucleophilicity. The opposite is true for mesityldiphen- 
ylphosphane (la) and triphenylphosphane ( l b ) .  We there- 
fore tentatively conclude that the one-electron donor 
character and the nucleophilic character of trivalent phos- 
phorus compounds are independent properties. However, 
further results are clearly rcyuired to verify this conclusion. 

Nevertheless, the present study provides useful infor- 
mation for the development of organic syntheses in which 
trivalent phosphorus compounds are used as co-reagents. 
Conventional synthetic methods utilize the nucleophilic 
ability of trivalent phosphorus cornpounds[’l, whereas new 
methods have recently been developed that depend on the 
electron-donating ability of these compo~tnds[”][~’1. In 
other words, choice of the trivalent phosphorus compound 
as a co-reagent is crucial to the success of trivalent phos- 
phorus-mediated organic syntheses. Our findings provide 
useful data relevant to this matler. 

This work was supportcd in part by a Grant-in-Aid for Scientific 
Research (C) (No. 096406.54) from the Mini.stry of Education, Sci- 
ence, Sports, und Culture. Jupnn. One of the authors (S.Y.) acknow- 
ledges the lirtancial support of a Tezukuyzmu Rr.srar& Gvmf in 
1996. 

Experimental Section 
hrruments: UVIvisible spectra were rccordcd on a Shiinadzu 

UV-2200A recording spectrophotometer. Luminescence from 
Ru2 + * was monitored on a Shimadzu RF-5000 spcctrofluoropho- 
tometer. ~ GC analysis was performed on a Shimadzu GC 14.4 
gas chromatograph. --- Mass spectra were obtained on a Shimadzu 
GCMS-QP2000A gas chromatograph-mass spectrometer equipped 
with a Shimadzu GC-MSPAC 200s data processor. ~ ‘H- and ”‘P- 
N M R  spcctra were obtained on a Varian XL 700 NMK spec- 
tromctcr operating at 200 MHz and 81 MHz. respectively. - Oxi- 
dation peak potentials of 1 were measured on a Cyprcss Systems 
OMNT 90 potentiostat in acetonitrile using a platinum working 
electrode, an Ag/Ag+ reference electrode, and tetraethylammonium 
tetratluoroborate (0.10 M) as the supporting electrolyte. 

Mi~feri&: Mcsityldiphenyiphosphane (la) was prepared by a 
conventional Grignard method based on a literature procedure[”]. 
Triphenylphosphane ( lb)  (Nacalai Tesque) and tributylphosphanc 
(lc) (Kanto Chemical) were obtained from commercial sources. 
Phosphites 1 h-j were also commercially available (Tokyo Chemical 
Industry) and wcrc distilled before use. Preparation methods for 
phosphinites ld--el4’l and phosphonites lf-g[4‘’] have bccn de- 
scribed previously. Tris(2.2’-bipyridyl)rutlienium(lI) chloridc hexa- 
hydrate, Ru(bpy),CI:. . 6 H 2 0  (Rii”), was prepared from ru- 
thenium(l1) dichloride according to a literature procedure[*] and 
was purified by recrystallization from watcr. 

( h e r d  Pri)cdurrs: A solution of Ru2 in methanol (2.50. 
M) wds irradiated with light from an Ushio xenon arc short lamp 
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UXL-500D-0 through a Toshiba sharp-cut filter L-39 (irradiation 
at k > 360 nm) 01- a Toshiba interference filter KL-45 (irradiation 
at h = 450 nm) in the prescnce of a 10-fold excess of 1 under an 
argon atniospherc at 20 "C. The UV/visible spectrum of the reac- 
tion mixturc was recorded at intervals. I'hotolysis was also carried 
out with concentrations of 1 and Ku2+ of 5.00' lop3 M under the 
conditions described above. After ca. 5-7 hours. the reaction mix- 
ture was passed through a short silica gel column to remove non- 
volatile materials. and the liltrate was analyzed by GC. The pro- 
ducts were identified by comparison of their retention times with 
those of authentic samples. The yields of' the products were deter- 
mined by GC using dodecane, octadecane or eicosane as an in- 
ternal standard. Analysis by GC-MS or NMR spectroscopy was 
performed if necessary. To isolate non-volatile products. the solu- 
tion of 1 and Ru2+ in methanol (5 .00 .  lo-' hi) was photolyzed for 
6 hours. The resulting reaction mixture was concentrated in vacuo, 
and dichloromethane was added to the residue. Insoluble material 
(mostly the starting ruthenium complex Ru2+) was filtered off. and 
the filtrate was again concentrated in vacuo. The rcsidue was puri- 
fied by repeated recrystallization from dichloi-omcthane to give red- 
dish-brown crystals. By cornparison of the UV/visible and 31P- 
NMR spectra with thosc of authentic samples or Ru-P and Ku-CI, 
which were prepared independciitly according to the conventional 
method, this matcrial was found to be a ruthenium complex Ru-Y 
contaminated with a trace of a complex Ru-CI. The yield of Ru-P 
was determined based on the absorbance at 465 nm in the UVI 
visible spectrum of this material. Due to the contamination with 
Ru-CI. elemental analysis of Ru-1' was not reliable. 

Actinometry: A vessel containing a solution of potassium trioxal- 
atoferratc(II1) (6.00. hi) in 0.05 M aqueous sulfuric acid was 
put in the place of the reaction vessel and irradiated with the light 
from a xenon lamp through a Toshiba KL-45 interference filter. 
By measuring the amount of the photoreduction product, the Fe" 
complex, the intensity of the incident light on the reaction vessel 
was determined["jI. In calculating the quantum yields of the pro- 
ducts, it was taken into account that the area of the vesscl ir- 
radiated was 4 an2. 

Kinetics: A quartz cell (1-cm thick) containing a solution of Ru2+ 
(1.0~10-' M) and 1 [(1.0-3.0).10-4 M] in methanol was irradiated 
with a light from a xenon lamp through an appropriate glass filter. 
The tempcrature of the solution was maintained at 20 "C by circu- 
lating thermostatted air throughout the course of the irradiation. 
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