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Table I. Enthalpies and Entropies of Activation and 1 atm of 
Pressure Rate Constants" 

AH', As', 1 0-3k0, 
anion kcal/mol cal/(mol deg) M-l s-' 

PF6-b 8.0 f 0.3 -16.3 f 0.8 1.6 
cIO4-c 8.5 f 0.2 -14.9 f 0.3 1.7 
B F ~ - ~  8.4 f 0.2 -15.2 f 0.2 1.7 

"Six points in the temperature range 20-70 OC; ko is for 20 O C .  
b [ R ~ ( ~ p ) 2 ]  = 16.7 mM; [R~(cp)~Br]pF, = 19.1 mM. '[Ru(cp)2] = 
7.6 mM; [Ru(cp),Br]CI04 = 7.2 mM. d[Ru(~p)2] = 10.2 mM; [Ru- 
(cp),Br]BF4 = 9.3 mM. 

Table 11. Volume of Activation and 1 atm of Pressure Rate 
Constants 

I o-3ko, 
M-I s-I no. of A P ,  

T,  OC points" cm3/mol 
33.56 10 -2.9 f 0.1 3.1 
41.7' 8 -2.7 f 0.4 5.2 
41.9b 9 -2.9 f 0.1 4.6 
43.7d 9 -3.1 f 0.2 5.0 
54.7d 1 1  -3.3 f 0.2 9.0 

"Pressures in the range 0.1-200 MPa. [Ru(cp),] = 8.9 mM; [Ru- 
(Cp)@]PF6 = 8.4 mM. C[Ru(cp)2] = 8.6 mM; [ R ~ ( c p ) ~ B r ] p F ~  = 
10.3 mM. d [ R ~ ( ~ p ) 2 ]  = 12.5 mM; [ R ~ ( c p ) ~ B r ] p F ~  = 8.8 mM. 

The temperature-dependence data were fit to the Eyring equation. 
The errors were calculated from the standard deviation in k ,  the sec- 
ond-order rate constant. The volume of activation, A P  = -RT(a In 
k / a P ) T r  was found by plotting In k vs pressure (0-200 MPa). For all 
pressure-dependent data a simple linear fitting procedure could be used. 
The errors were derived from the scatter about the fit lines. 
Results and Discussion 

The results of the temperature and pressure dependences are 
summarized in Tables I and 11. Activation enthalpies and en- 
tropies are similar to those obtained by Taube et al.,' 9.3 f 1.1 
kcal/mol and -12 f 4 cal/(mol deg), by using CD3N02 as the 
solvent and PF6- as the counterion. There is essentially no de- 
pendence on the counter ion, as might be expected in acetonitrile 
in which little ion pairing is expected. The volume of activation 
is -3.0 f 0.2 cm3 mol-], independent of temperature in the range 
34-55 OC. 

The factors that control the volume of activation for an out- 
er-sphere electron-transfer reaction involving a neutral reactant 
arise primarily from solvation These can be 
considered within a Marcus theory formalism or more simply by 
a consideration of just the electrostriction of the solvent. An 
inner-sphere reaction should include the same solvation terms, 
but also requires consideration of any coordinated solvent that 
is displaced and the particular structure of the inner-sphere 
transition state. Since the system studied here does not involve 
coordinated solvent displacement and is of the simplest 0/+ charge 
type, it can be compared with the ferrocene-ferrocenium system 
with the added consideration for the inner-sphere transition-state 
structure. Our studies of that system to date suggest AV values 
of -5 to -8 cm3 Only positive values can be predicted from 
simple solvent electrostriction arguments. A somewhat more 
negative value is predicted by the Marcus theory formalism, by 
using estimates of some of the solvent parameters. The similarity 
of the two measured values is probably fortuitous, but may indicate 
that reactant juxtaposition and charge type control AV. The 
ruthenium reaction is about 3 orders of magnitude slower, pri- 
marily because of a much greater enthalpy of activation. Also, 
it involves ring reorientation and the bridge bond formation. The 
iron case involves an especially rapid reaction, and it has been 
suggestedg that the transition state involves a stacked ring ge- 
ometry. 

(7) Swaddle, T. W. In Inorganic High Pressure Chemistry; van Eldik, R., 
Ed.; Elsevier Science Publishers B.V.: Amsterdam, 1986; Chapter 5. 

(8) Stebler, M.; Nielson, R. M.; Siems, W. F.; Hunt, J. P.; Dodgen, H. W.; 
Wherland, S.  Inorg. Chem. 1988, 27, 2893. 

(9) Nielson, R. M.; Golovin, M. N.; McManis, G. E.; Weaver, M. J.  J.  Am.  
Chem. SOC. 1988, 110, 1745. 

The ruthenocene-haloruthenocene system is particularly in- 
teresting because it involves multiple electron and halogen transfer 
and it is amenable to study. We are pursuing further studies on 
it and the decamethyl derivative. Solvent and halogen variation 
may prove especially interesting since bromoruthenocene is soluble 
and stable only in solvents of moderate dielectric constant and 
high acceptor ability. This indicates a significant influence of the 
bromine atom on the solvation, and this atom must be desolvated 
for electron-transfer bridge formation. Studies of ion pairing 
through the use of high anion concentrations or lower dielectric 
solvents will establish whether this class of reactions behaves as 
do outer-sphere processes. 
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The oxidation of organophosphines with covalent azides, the 
well-known Staudinger reaction,',2 is a very useful method for 
preparing the pentavalent iminophosphorane derivatives (R3P= 
NR). The high thermal stability and ready availability of silyl 
azides3 makes this method particularly useful for the synthesis 
of N-silylphosphoranimines such as those derived from either the 
(si1ylamino)phosphines (eq 1)4 or the two-coordinate methylene-5 
and iminophosphines6(eq 2). 

M e  
I 
I 

( M e 3 S i ) , N - - P = N S ~ M e 3  ( 1 )  
/Me Me3StN3 

(Me,Si),N--P 
-N2 

R R 
/ 

R = Me, Ph 

Me3S1N3 
(Mess i )*N--P =ESiMe3 - ( Me,  S I ),N- P 

N2 
' E S i M e ,  

E = CH, N 

Much of our recent work has involved the preparative chemistry 
of new Si-N-P,' Si-N-B,8*9 and B-N-PIO compounds as possible 

(1) Abel, E. W.; Mucklejohn, S. A. Phosphorus Sulfur 1981, 9,  235. 
(2)  Gololobov, Y. G.; Zhmurova, I .  N.; Kasukhin, L. F. Tetrahedron 1981, 

37, 437. 
(3) For a recent, general review of non-metal azide chemistry, see: Ber- 
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Table I. N M R  Spectroscopic DataaBb 
IH N M R  "C N M R  compd 

(R = M e S i )  signal 6 UPU 6 JW 6 

Me 'BU R,NB 0.08 
R;NP 0.24 

0.90 'Bu 
PMe 1.79 

I / 
I 

RzN-P=N-E 

Ph 

2 Ph 7.3-7.7c 

Me ' 
I 

R2N-P=N-B 

R2NB 0.10 
R2NP 0.33 
'Bu 0.86 

4.14 
5.69 
30.77 

13.1 23.69 

0.7 

77.8 
141.79 (CI) 122.2 
131.12 ((22.6) 11.2 
128.12 (C3s5) 13.0 
130.44 (C4) 2.9 
4.90 
6.03 
30.75 I \ 

Me NR2 PMe2 1.62 12.9 24.35 
3 

8.9 
1.8 

79.2 

Ph ' R2NB 0.15 4.03 3.6 
'Bu 0.9 1 30.34 
Me2N 2.59 11.2 37.16 3.9 

I /Eu 
Me2N-P=N-E 

NR2 Ph 7.4-7.6' 127-142' 
I \ 

Me2N 

4 

R2NB 0.25 

C H R  0.05 
0.86 

R2N-\ tHR P U  RZNP 0.12 

N-E 
\ 'Bu 

4.34 
2.92 
1.60 
29.92 

56.3 
5.4 
4.1 

NR2 CHR 1 .oo 13.0 27.30 78.4 

5 
R2NB 0.28 4.36 3.6 tR R2NP 0.12 3.47 2.9 
N R  0.33 7.15 1.8 
'Bu 1.03 29.23 

PU 
\N-B 

R2N-P 

NR2 
\ 

6 

'Chemical shifts relative to Me4Si for 'H  and 13C spectra and to H3P04 for 31P spectra; coupling constants in Hz. Solvents: CDCI, or CH2C12. 
*The I'B N M R  spectra of compounds 2-6 all consist of broad singlets in the range of 40-43 (Le., downfield relative to BFyOEt,). CComplex 
multiplet. 

precursors to and/or model systems for new inorganic polymers. 
For example, we have reported the synthesis of the stable azi- 
doborane 1 (eq 3 and 4) by a straightforward route starting from 
BCI3. 

' B" 

\ 
CI  

'Bu 'BU 
/ 
1 

( Me,S i )2 N- B 

C l  N3 

( 4 )  

1 

As a continuation of these earlier studies, and in an effort to 
develop new synthetic routes to B-N-P compounds," we report 
here a series of reactions of the azidoborane 1 with some repre- 
sentative aminophosphines of both the two- and three-coordinate 
variety. 
Results and Discussion 

The azidoborane 1 was selected for this study because (1)  it 
is easily prepared (eq 3 and 4) and isolated in high purity, (2) 
it is thermally stable to distillation and can be conveniently stored 

(9) Shaw, Y. S.; DuBois, D. A,; Watson, W. H.; Neilson, R. H. Inorg. 
Chem. 1988, 27, 974. 

(IO) Li, B-L.; Neilson, R. H.  Inorg. Chem. 1986, 25, 361. 
( 1  1 )  For related work on B-N-P compounds, see, for example: (a) van Bonn, 

K.-H.; Schreyer, P.; Paetzold, P.; Boese, R. Chem. Ber. 1988, 121, 1045. 
(b) Paetzold, P.; von Plotho, C.; Niecke, E.; Riiger, R. W. Chem. Ber. 
1983, 116, 1678. (c) Maringgele, W.; Meller, A,; Noth, H.; Schroen, 
R. Z .  Naturforsch., B.:  Anorg. Chem., Org. Chem. 1978, 33, 673. (d) 
Noth, H.; Storch, W.  Chem. Ber. 1977, 110, 2607. (e) Niecke, E.; 
Bitter, W. Angew. Chem., Int .  Ed. Engl. 1975, 14, 56. 

Table 11. Preparative and Analytical Data 
ana la  

compd yield, % bp, 0 OC [P, mm Hg] % C % H 
2 70 (117-120)* 52.81 

3 25 120-124 [0.03] 47.17 
(52.57) 

(46.65) 
4 71 140-147 [0.1] (64-65)* 54.53 

5 68 122-125 [0.01] 46.14 

6 72 (133-136 dec)* 43.62 

(54.79) 

(46.24) 

(43.85) 

10.02 

10.98 

9.94 
(1 0.05) 
10.56 

(1 0.60) 
10.29 

(10.38) 

(10.10) 

(1 1.02) 

Calculated values in parentheses. * Melting points in parentheses. 

as a solution in hexane, and (3)  its sterically bulky substituents 
should help to stabilize the products of its reactions with low- 
coordinate phosphorus species. 

The oxidation of (si1ylamino)phosphines with 1 (eq 5) occurred 
smoothly in hexane solution at ca. 50-65 O C .  The reactions were 

/Me 7' - N p  
(Me3Si),N-P + (Me3St),N-B - 

N3 
\ R \ 

1 

;Bu ( 5 )  

Me 
I 
I \ 

(Me3Si),N-P=N-B 

N (S I Me,), R 
2 R = P h  
3. R = Me 

easily monitored by 31P NMR spectroscopy, which indicated 
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In summary, this work has demonstrated that the azidoborane 
1 is a useful reagent for the oxidation of both two- and three- 
coordinate phosphines to afford new (bory1imino)phosphoranes. 
These results suggest that similar phosphorus derivative chemistry 
of other, less hindered, azidoboranes should be explored. 

Experimental Section 
Materials and General Procedures. The following reagents were ob- 

tained from commercial sources and used without further purification: 
PhPCI2, Me3SiN3, and Me3SiNMe2. Hexane and ether were distilled 
from CaH,  prior to use. Bis(dimethylamino)phenylphosphine, 
(Me2N),PPh,I3 was prepared by the addition of 2 molar equiv of 
Me3SiNMe2 to PhPC12 in ether a t  0 OC. The (sily1amino)phosphines 
(Me3Si)2NP(R)Me (R = Ph, Me)I4 and (Mt3Si)2NP=ESiMe3 (E = 
CH,5a NI5) were prepared and purified according to the published pro- 
cedures. The azidoborane (Me3Si)2NB(tBu)N3 (1) was prepared by the 
reaction of Me3SiN3 with the chloroborane (Me3Si)2NB(tBu)C1 as pre- 
viously reported.I0 After removal of the excess silyl azide, undistilled 1 
was checked for purity by IH and I3C N M R  spectroscopy and then 
dissolved in dry hexane to give a 2.0 M stock solution of 1 for use in 
subsequent reactions. Proton, 13C(1H), and IIBIIH} N M R  spectra were 
recorded on a Varian XL-300 spectrometer; 31P('HJ N M R  spectra were 
obtained on a JEOL FX-60 instrument. Mass spectra were obtained on 
a Finnigan GC-MS instrument. Elemental analyses were performed by 
Schwarzkopf Microanalytical Laboratory, Woodside, NY. All reactions 
and other manipulations were carried out under an atmosphere of dry 
nitrogen or under vacuum. The following procedures are representative 
of those used for the synthesis of the new compounds prepared in this 
study. 

Preparation of (Me3Si)2NP(Ph)(Me)=NB(tBu)N(SiMe3)2 (2). The 
aminophosphine (Me3Si),NP(Ph)Me (1 1.3 g, 40 mmol) was added via 
syringe to a stirred solution of the azidoborane 1 (20 mL, 2.0 M, 40 
mmol) in hexane. The mixture was then refluxed (at ca. 65 "C) over- 
night. The mixture was cooled to room temperature, and the solvent was 
removed under reduced pressure, leaving 2 as a white solid that was 
purified by recrystallization from hexane or CH2C12 (Tables I and 11). 

Preparation of (Me3Si)2NPMe2=NB(tBu)N(SiMe3)2 (3). In a sim- 
ilar manner, 1 (18 mL, 2.0 M, 36 mmol) was treated with 
(Me3Si)2NPMe2 (8.0 g, 36 mmol) in hexane and the mixture was heated 
at 50 OC for 3 h. After solvent removal, the viscous liquid residue was 
identified by N M R  spectroscopy as 3 with only minor impurities being 
noted. Fractional distillation resulted in partial thermal decomposition 
(to (Me3Si)2NPMe2=NSiMe34 and other unidentified products), but a 
pure fraction (3.4 g) of 3 was isolated. 

Preparation of (Me2N)2P(Ph)=NB(tBu)N(SiMe3)2 (4). Similarly, 
the aminophosphine (Me2N)*PPh (3.9 g, 20 mmol) was added to a 
hexane solution of 1 (10 mL, 2.0 M, 20 mmol) and the mixture was 
refluxed for 4 h. Solvent removal followed by distillation gave 4 (6.2 g) 
as a colorless liquid that crystallized on standing at room temperature. 

Preparation of (Me3Si),NP(=CHSiMe3)=NB('Bu)N(SiMe3), (5). 
Similarly, the methylene phosphine (Me3Si)2NP=CHSiMe3 (9.7 g, 35 
mmol) was added to a hexane solution of 1 (36 mmol) and the mixture 
was stirred at room temperature for 3 days. Solvent removal, followed 
by distillation, afforded 5 (18.2 g) as a colorless liquid. 

Preparation of (Me3Si)2NP(=NSiMe3)=NB(tBu)N(SiMe3)2 (6). 
The iminophosphine (Me3Si)2NF'=NSiMe3 (1 5.5 g, 56 mmol) was 
added to a neat sample of 1 (15.1 g) (preliminary experiments showed 
that this reaction was very slow in hexane solution), and the mixture was 
heated overnight a t  ca. 95 "C. At this point, the mixture had turned to 
a white solid, from which pure 6 (20.9 g) was obtained by recrystalli- 
zation from CH2CI2. 
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quantitative conversion to the (bory1imino)phosphoranes 2 and 
3 over a period of several hours. The P-phenyl derivative 2 (a 
white solid) was obtained in 65-70% yields, whereas the P-methyl 
analogue 3 (a colorless liquid) always underwent significant 
thermal decomposition during distillation. This reduced the 
distilled yields of 3 to 20-30%, although the crude product was 
essentially pure (on the basis of N M R  spectroscopy). Although 
the exact decomposition pathway is uncertain, the 31P N M R  
spectral data indicate that one of the decomposition products is 
the N-silylphosphoranimine (Me3Si)2NPMe2=NSiMe3.4 

The (bory1imino)phosphoranes 2 and 3 were readily charac- 
terized by N M R  spectroscopy (Table I) and elemental analyses 
(Table 11). Both the 'H and 13C N M R  spectra contain two 
distinct resonances for the (Me3Si)2N substituents attached to 
boron and phosphorus, in addition to the expected 'Bu, P-Me, 
and phenyl signals. The large lJpc and 2JpH values observed for 
the P-Me groups are particularly diagnostic of the Pv oxidation 
state in Si-N-P  compound^.^ The 31P chemical shifts, which are 
upfield relative to those of the starting phosphines, are also in- 
dicative of an oxidized product, while the low-field I'B N M R  
signals (6 ca. 40-43) are consistent with a three-coordinate boron 
environment. 

In addition to the reactions of the azidoborane 1 with (silyl- 
amino)phosphines, we also conducted a series of small-scale, 
"NMR tube" experiments involving the (dimethy1amino)phos- 
phines (Me2N),PPh3-, ( a  = 1-3). In each case, the reaction was 
found to be complete under conditions similar to those described 
above. A typical example (eq 6) was then carried out on a 
preparative scale, and the (bory1imino)phosphorane 4 was isolated 
in 71% yield as a distillable liquid that solidified upon standing. 

(6) 

Ph 

N(SiMe3)p 
\ 

(Me,Si ),N- B 2' (Me2N)2PPh_ (Me2N)2P=N-B 
-N2 

N3 
\ 

1 4 

The oxidation of phosphines by the azidoborane 1 is not limited 
to simple three-coordinate PII1 centers. Indeed, we found that the 
two-coordinate methylene- and iminophosphines were both readily 
oxidized by 1 to give the novel three-coordinate Pv derivatives 
5 and 6 (eq 7).  Compounds 5 and 6 are both thermally stable 

'Bu 
/ - N z  

(Me3Si)2N-P=ESiMe3 + (Me3Si)pN-B - 
N3 
\ 

1 

( 7 )  
PMe3 
\\ iBu (Me,Si),N-P 

N-B 

N( Si Me,), 
\ 

5 ,  E = C H  
6 ,  E = N  

products that were isolated in good yields by distillation (5) or 
recrystallization (6)  and fully characterized by NMR spectroscopy 
(Table I), elemental analyses (Table 11), and mass spectroscopy. 
The mass spectra of both compounds contained small (ca. 1% 
relative intensity) molecular ion peaks, large M+ - CH3 (ca. 30%) 
peaks, and base peaks corresponding to M+ - 'Bu. Interestingly, 
the 31P N M R  chemical shifts of 5 (6 56.3) and 6 (6 3.5) occur 
ca. 50 ppm upfield relative to those of their NSiMe3 analogues 
(Me3Si)2NP(=ESiMe3)=NSiMe3 (E = CH (6 103);5 E = N (6 
5 5 ) 6 ) .  The reason for such unusually high field chemical shifts 
is not readily apparent, but they are probably due to  increased 
shielding of the phosphorus by the sterically bulky -B('Bu)N- 
(SiMe3)* substituent on the P=N nitrogen. Various trends in 
t h e  31P shifts of o the r  three-coordinate phosphoranes have been 
summarized recently.12 
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(13) Maier, L. Helu. Chim. Acta 1963, 46, 2667. 
(14) Neilson, R. H.; Wisian-Neilson, P. Inorg. Chem. 1982, 21, 3568. 
(15) Scherer, 0. J.; Kuhn, N. Angew. Chem., Znt. Ed. Engl. 1974, 13, 81 1. 




