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Table I. Volume Profile (cm3 mol-') for the Aquation of Co(NH,),X" 
- - 

X VC" v x  A V  A V * exptl AV*CalCdh 

F- 63.6b 3.36 
c1- 83Sb 22.3b -15.6d -7.9' 0.5 

I -  94.86 40.7b -10.0d 

so,2- 94.66 23.0b -29.4d -13.0e -9.9 

H2O 

Br 88Sb 29.2b -14.4d -6.7' 2.4 

NO; 85.46 33.56 -12.3d -4.9' 9.8 

Me,SO 11 2.26 68.8; -4.3d -1.7f 18.3 
60.3b 18.1 0 1.2g 19.5 
78.8 38.1 1.6 2.2 21 .o OHCH,C 

OHCH,CH,' 95.2 55.1 2.2 2.9 21.6 
OHCH(CH,),c 111.3 71.9 2.9 3.8 22.3 
OC(NH,),' 85.3 44.2 1.2 1.3 20.6 
OC(NH,)(NHCH3)C 106.0 62.1 -1.6 0.3 17.8 
OC(NHCH,),c 122.9 80.0 -0.6 1.5 18.8 

OCH(NHCH,)' 98.3 57.5 1.5 1.7 20.9 
OCH(N(CH,), IC 115.4 76.0 2.9 2.6 22.3 

OCH(NH,)' 81.0 39.2 0.5 1.1 19.9 

v(Co(NH,).X"+). Taken from ref 10 and references therein. Taken from ref 9 and references therein. Reference 4. e Calculated 
by fitting the iket ic  data up to 2.03 kbar in ref 13 to In kp = aP + b. 

as experimental evidence in favor of eq 1 .' Sisley and Swaddle 
indicated that the conclusion by Palmer and Kelm was erroneously 
obtained from some error in the value of V(CO(NH~)~X"+) .~  
Sisley and Swaddle arbitrary assumed the existence of C O ( N H ~ ) ~ ~ +  
in the transition state of the aquo-exchange reaction of Co- 
(NH3)5Hz03+ and demonstrated that V(Co(NH3)l+) should be 
smaller by 17-20 cm3 mol-' than V(CO(NH3)63+).8 Lawrance 
further investigated that the V of the assumed five-coordinate 
intermediate for reaction 2 depends significantly on the charge 
of X.9 His result essentially means the nonexistence of inde- 
pendent Co(NH3)?+ species in the transition state of reaction 2. 

Recently, our investigation on the volume profile for the base 
hydrolysis reaction 

Co(NH3)SX"' + OH- .-* Co(NH3)50HZ+ + X (4) 

enabled us to estimate ~ ( C O ( N H ~ ) , ( N H ~ ) ~ + )  = 71.1 f 3.9 cm3 
moT1.Io In another work, AVs were measured for a series of 
 reaction^:^ 

MA' + OH- - MB'-'+ H ~ O  ( 5 )  

where MA' is an octahedral transition-metal complex with ligand 
A = OH2, NH3, CZO4H- and MBP' is the corresponding conjugate 
base complex with ligand B = OH-, N H f ,  Cz042-. The results 
were expressed as 

AV (cm3 mol-') = (14.5 f 0.8) - (2.5 f 0.2)AZ2 (6) 

where AZz = (z - l )z  - z2. One can predict by use of eq 6 A V  
for the hypothetical reaction 

C0(NH3)S3+ + OH- - Co(NH3)4(NHZ)'+ + HzO (7) 

as 27 f 1.8 cm3 mol-'. Then, V ( C O ( N H ~ ) ~ ~ + )  can be obtained 
by 
V(Co(NH3)s") = V(Co(NH3)4(NH#+) + V(H2O) - 

V(OH-) - (AVof  reaction 7)  

= (71.1 f 3.9) + 18.1 - 0.5 - (27 f 1.8) 

= 61.7 f 5.7 cm3 mol-' 

This value of V(Co(NH3):+) is quite close to the value V = 61.3 
cm3 mol-' of C O ( N H ~ ) ~ ~ + . "  This result may be interpreted that 
there are crevices between adjacent monodentate NH3 ligands 

(8) 

(7) Palmer, D. A.; Kelm, H. Inorg. Chem. 1977, 16, 3139-3143. 
(8) Sisley, M. J.; Swaddle, T. W. Inorg. Chem. 1981, 20, 2199-2803. 
(9) Lawrancc, G. A. Inorg. Chem. 1982, 21, 3687-3691. 

(10) Kitamura, Y.; van Eldik, R.; Kelm, H. Inorg. Chem. 1984, 23, 
2038-2043. 

Reference 7. Reference 14. See text. 

and hence the contraction or expansion of the Co-N bonds due 
to the change of the coordination number does not cause significant 
change in fint.'l,'z 

On the other hand, using V(CO(NH,)~~+) = 61.7 f 5.7 cm3 
mol-', one can calculate AV for reaction 2 in the limit of dis- 
sociative mechanism by 

AVaid = V(Co(NH3):') + V(X) - V(Co(NH3)5Xn+) (9) 
As shown in Table I, the resulting A P a l d  differs significantly 
from AVexptl and this discrepancy denies the existence of a 
common intermediate of C O ( N H ~ ) ~ ~ +  in the transition state of 
reaction 2. Instead, there is a good correlation (correlation 
coefficient 0.99) between APexptl and AK 

AVexptl = (0.51 f 0.02)AV+ (1.2 f 0.2) (10) 

This fact indicates that in reaction 2 the partial molal volume of 
the transition state is very close to the corresponding mean P of 
the initial and the final state (larger only by 1.2 cm3 mol-' than 
this mean). In other words, the entering H 2 0  and the leaving 
X almost equally take part in the transition state. The transition 
state may be depicted as HzO- - - C O ( N H ~ ) ~ ~ + -  - -X, where the 
dashed line stands for a weak coordination bond. 

Registry NO. CO(NH~)~'+, 44236-77-3; CO, 7440-48-4. 

(11) Kitamura, Y.; Ito, T.; Kato, M. Inorg. Chem. 1984, 23, 3836-3838. 
(12) Kitamura, Y. ;  Ida, K. Inorg. Chim. Acta 1984, 88, 161-163. 
(13) Jones, W. E.; Carey, L. R.; Swaddle, T. W. Can. J .  Chem. 1972,50, 

2139-2146. 
(14) Hunt, H .  R.; Taube, H .  J .  Am. Chem. SOC. 1958, 80, 2642-2646. 
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Formation and X-ray Crystal Structure Determination of 
an Unusual Phosphorus-Phosphorus Coupled 
Bicyclodiphosphazane Complex 

Sir: 
The chemistry of main-group element rings and cages continues 

to attract wide attention, and a class of four-membered P-N rings, 
the cyclodiphosphazanes,' now appears to offer unanticipated 
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Figure 1. Molecular geometry and atom-labeling scheme for Mn2- 
(CO),[P,(~-BUN)~P~(C-BUN)~] with t-Bu groups on N(1), N(2), N(l'), 
and N(2') removed. 

routes to a host of new P-N cage In this regard we 
have recently reported3 that reduction of the parent chloro- 
cyclodiphosphazane, ClP(t-BuN)P(t-BuN)(Cl) ( l ) ,  by Mg or 
sodium naphthalide results in a sequence of P-P bond forming 
and P-N bond breaking and re-forming processes with the sub- 
sequent generation of a new cage P,(t-BuN), (2). This molecule 
has two geometrical isomers, one of which closely resembles S4N+ 

Transition-metal nucleophiles such as CpMo(CO),- and 
C ~ F e ( c 0 ) ~ -  might be expected to induce related reductive 
phosphorus coupling reactions of 1 with or without metal fragment 
incorporation or heterolytic P-Cl bond cleavage. The last course 
would result in the formation of metallaphosphenium ion com- 
plexes as established with reactions of several metal carbonylates 
and simple chloroph~sphites,~ phosphorus t r iha l ide~ ,~  and ami- 
nochlorophosphines.5 In fact, heterolytic P-Cl bond cleavage 
has now been demonstrated6-8 with 1 in the presence of 
Cp*Mo(CO)< and Cp*Fe(CO)c. In addition, we hare observed 
that Na,Fe(CO), induces P-Cl bond cleavage, the formation of 
metallaphosphenium ion complexes, and under some conditions 
the formation of a unique phosphine c ~ m p l e x , ~  (CO),Fe[(H) 

P(t-BuN)P(t-BuN)(H)]Fe(CO), (3). In the present report we 
describe the first characterized example of cyclodiphosphazane 
coupling in which metal fragments are incorporated into the 
resulting cage structure. 

, i 

(3) 

(4) 

Keat, R. Top. Current Chem. 1982, 102, 90 and references therein. 
Several investigators have reported the formation of extended P-N 
skeletal arrays containing cyclodiphosphazanes: Scherer, 0. J.; Andres, 
K.; Krtiger, C.; Tsai, Yi Hung; Wolmerhiuser, G. Angew. Chem., Int. 
Ed. Engl. 1980, 19, 571. Thompson, M. L.; Haltiwanger, R. C.; 
Norman, A. D. J.  Chem. Soc., Chem. Commun. 1979,647. Thompson, 
M. L.; Tarassoli, A.; Haltiwanger, R. C.; Norman, A. D. J .  Am. Chem. 
SOC. 1981,103,6770. K a t ,  R.; Murray, L. H.; Rycroft, D. S .  J .  Chem. 
Soc., Dalton Trans. 1982, 1503. 
DuBois, D. A.; Duesler, E. N.; Paine, R. T. J. Chem. Soc., Chem. 
Commun. 1984, 488. 
Malisch, W.; Kuhn, M. J. Organomet. Chem. 1974, 73, C1. Malisch, 
W.; Alsmann, R. Angew. Chem., Int. Ed. Engl. 1976, 15,769. Malisch, 
W.; Panster, P. Ibid. 1977, 16,408. Malisch, W.; Meyer, A. J. Orga- 
nomet. Chem. 1980, 198, C 29. 
Light, R. W.; Paine, R. T. J. Am. Chem. Soc. 1978,100,2230. Light, 
R. W.; Paine, R. T.; Maier, D. E. Inorg. Chem. 1979, 18, 2345. 
Hutchins, L. D.; Paine, R. T.; Campana, C. F. J. Am. Chem. SOC. 1980, 
102, 4521. Hutchins, L. D.; Light, R. W.; Paine, R. T. Inorg. Chem. 
1982, 21, 266. Hutchins, L. D.; Duesler, E. N.; Paine, R. T. Organo- 
metallics 1982, 1, 1254. 
DuBois, D. A.; Duesler, E. N.; Paine, R. T. Organometallics 1983, 2, 
1903. 
DuBois, D. A.; Duesler, E. N.; Paine, R. T., to be submitted for pub- 
lication. 
Abbreviations: Cp* = (CH3)5CS; THF = tetrahydrofuran. 
DuBois, D. A,; Duesler, E. N.; Paine, R. T., submitted for publication. 

NaMn(CO)5 (1.5 mmol) and 1 (1.5 mmol) were combined in 
THF and stirred for 10 h at  -78 OC.lo The mixture was then 
warmed to 25 "C and refluxed for 10 h. Evolved CO was 
quantitatively determined, the solution filtered to remove NaCl, 
and the solvent and Mn2(CO)lo evaporated in vacuo. The resulting 
green solid (4) was redissolved in a minimum of THF, and crystals 
were obtained at 0 OC from this solution. 

A single-crystal X-ray diffraction" analysis of 4 revealed its 
precise stoichiometry, and a view of the molecular structure with 
the t-Bu groups removed from the nitrogen atoms for clarity is 
shown in Figure 1. The molecule possesses a center of symmetry 
a t  the midpoint of the P-P bond. The structure contains two 
slightly puckered cyclodiphosphazane rings having the exo chlorine 
atoms removed and two of the four phosphorus atoms, P(2) and 
P(2'), joined by a single bond, 2.234 (2) A. This distance compares 
favorably with the typical range of P-P single-bond distances found 
in diphosphines,12 2.12-2.25 A, and it is considerably shorter than 
the P-P distances in P,(t-BuN), (2), 2.330 (1) and 2.340 (1) A.' 
The P(l)-P(2) separation is 2.486 (1) A, which is similar to the 
related nonbonded distance in the starting ligand 1,2.53 A." The 
P-N bond distances fall in interesting short and long sets. The 
short distances are associated with the internal P-P-bonded atoms 
P(2) and P(2'): P(2)-N(1) = 1.694 (3) A; P(2)-N(2) = 1.720 
(3) A. These compare with the P-N distances in Cp2M02- 
(CO),(~(t-BuN)P(t-BuN)] (5), 1.716 (3) A, and 1 1.689 (4) A, 
and the short distances in P,(t-BuN),, 1.708 (3) A (average), and 
in 3, 1.702 (2) and 1.709 (2) A. The P-N distances associated 
with the external, metal-coordinated phosphorus atoms, P( 1) and 
P(l'), are considerably longer: P(1)-N(l) = 1.761 (3) A; P- 
(1)-N(2) = 1.802 (3) A. These are notably longer than the long 
set of P-N distances in 2, 1.742 (3) A (average). The N(1)-P- 
(1)-N(2) angle, 82.3 (1)O, is smaller than the N (  l)-P(2)-N(2) 
angle, 86.8 (1)O, and the latter is similar to the N P N  angles in 
1, 3, and 5. The P-N-P angles in 4 are 92.0 (2) and 89.8 (1)' 
about N (  1) and N(2), respectively. 

Examining the main group framework in 4 suggests that it may 
represent an early intermediate in the formation of P,(t-BuN),, 
which has been trapped by two Mn(C0)4 fragments before P-N 
bond breaking and making processes have occurred. The Mn- 
(CO),X2 fragments have a distorted octahedral geometry, with 
phosphorus atoms occupying cis positions. It is important to notice 
that the Mn-P distances are very asymmetric. The P-P-coupled 
phosphorus atoms display a short Mn-P(2) distance, 2.293 (1) 
A, which can be compared with a range of distances found in 
Mn-phosphine c o m p l e ~ e s , ~ ~ * ~ ~  2.24-2.40 A. The P( 1')-Mn dis- 

(10) Stirring of the initially yellow reaction mixture at -78 'C results in the 
formation of NaCl and a green solution. When it is warmed to room 
temperature, the color changes to yellow-red and then to dark green 
upon reflux. A total of 90% of 2 equiv of CO based upon the amount 
of NaMn(CO)5 added was recovered with a Toepler pump. The final 
yield of isolated 4 was approximately 40%. The compound is air and 
moisture sensitive. 

(1 1 )  A green crystal of dimensions 0.161 X 0.345 X 0.554 mm was mounted 
in a glass capillary on a Syntex P3 F automated diffractometer. With 
MoKa radiation (x = 0.71069 ) the following crystal data were 
obtained at 20 "C: monoclinic space group P2, /n ,  with a = 10.231 ( 3 )  
A, b = 14.927 (4) A, c = 11.260 (2) A, p = 106.42 (2)O, Z = 4, V =  
1649.5 (7) A', pal& = 1.49 g cm-), w = 9.7 cm-'. Empirical absorption 
correction Rmcrgc on $ scans before 3.59, after 3.29; maximum trans- 
mission 0.636, minimum transmission 0.581. The 20 limits on the 
w-scan data set were 1 5 &h,ik ,+f  5 5 5 O .  A total of 7939 reflections 
were collected, yielding 3804 unique reflections, of which 2692 unique 
data with F 2 4 4 F )  were used. The structure was solved by heavy- 
atom methods (SHELXTL-SI) and blocked least-squares refinement of all 
non-hydrogen atoms isotropically converged with R = 0.090. Aniso- 
tropic refinement led to R = 0.064. Hydrogen atoms were included in 
fixed idealized positions and their individual Vh's were fixed at 1.2 times 
the last V,,, of their parent atom. Refinement on 190 parameters 
converged to RF = 0.055 and Rrp = 0.041 and GOF = 1.815. A final 
difference map showed no peak larger than 0.55 e A-'. 

(12) Corbridge, D. E. C. "The Structural Chemistry of Phosphorus"; El- 
sevier: London, 1974. 

(13) Muir, K. W. J. Chem. SOC., Dalton Trans. 1975, 259. 
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tance, 2.507 (1) A, on the other hand, is quite long.Is The long 
P( 1')-Mn interactions occur approximately perpendicular to the 
P J ~ - B U N ) ~  rings while the short interactions are more in-plane. 
In this regard the P(1), P(2), Mn, C(1), C(2), and C(4) atoms 
nearly lie in a plane that is perpendicular to the C(3)-Mn-P( 1') 
vector.16 The Mn-CO bond distances, Mn-C(1) = 1.842 (4) 
A, Mn-C(2) = 1.831 ( 5 )  A, Mn-C(3) = 1.822 ( 5 )  A, and Mn- 
C(4) = 1.850 (4) A offer some evidence for the differing donor 
qualities of P(2) and P(1') sites. The Mn-C(4) distance is long 
and trans to the short Mn-P(2) distance while Mn-C(3) is short 
and trans to the long Mn-P( 1') distance. 

The infrared spectrum (benzene) of 4 shows four bands in the 
terminal carbonyl stretching region, 2043, 1995 (s), 1960 (s), and 
1943 (m) cm-l, which is consistent with local C, symmetry for 
the cis-Mn(CO), Pz fragment. The 31P(1HJ N M R  spectrum 
(H3P04 reference) shows two resonances at  345 [P(l), P(l')] and 
0.9 ppm [P(2), P(2')], and no P(l)-P(2) coupling has been re- 
solved. The spectrum is consistent with two uniquely differing 
phosphorus environments as found in the crystal structure de- 

Some typical Mn-phosphine Mn-P distances: [Mn(CO),PEt3]2, 2.247 
(7) A;'" CIMn(C0),(PPh3), 2.398 (4) A;'" (CO),Mn(H)(PPhdMn- 
( C O L  2.284 (6) A?" IPh,PIIMn(CO)APPh,l, 2.248 (2) A.' (a) 
Bennett, M. J.;'Mason, R. J.'C&km. Soc. 2 196ij, 75. (b) Vahrenkamp, 
H. Chem. Ber. 1971, 104,449. (c) Doedens, R. J.; Robinson, W. T.; 
Ibers, J. A. J. Am. Chem. Soc. 1967,89,4323. (d) Riley, P. E.; Davis, 
R. E. Inorg. Chem. 1980, 19, 159. 
This distance is longer than the Mn-P distances found in several 
manganese phosphides,12 2.36-2.41 A. 
Deviations (A) from this approximate plane: P(l), +0.029; P(2), 
-0.070; Mn, 0.130; C(1), -0.041; C(2), 0.041; C(4), -0.006. Nitrogen 
atom deviations: N(l), 0.453; N(2), 0.186. 

termination. The 13C(1H] NMR spectrum (Me4% reference) 
shows two resonances at  56.8 (JPNC = 9 Hz, (CH3)3C) and 31.1 
PPm (CH3)3C). 

The process by which 4 is formed appears to be complex. 
Sodium chloride appears with some CO evolution at  -78 OC 
followed by additional CO evolution and Mn2(CO) generation 
at  T H F  reflux. Accompanying color and spectroscopic changes 
suggest formation of a t  least three species prior to the appearance 
of 4, and these are under study at this time. It appears that this 
complex offers a starting point for a new family of main-group 
transition-metal clusters whose chemistry should be intriguing. 
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The quadruply bonded dirhenium(II1) complexes Re2C16(PR3)2 (PR3 = PEt3, P-n-Pr3, PMePh2, PEtPhJ and Re2(02CR),C12 (R 
= C3H7, CMe3, Ph) are reduced by cobaltocene in acetone to give the paramagnetic salts [(T$C~H~)~CO][R~~C~~(PR~)~] and 
[($-C,H,),Co] [Rez(02CR)4C12], respectively, complexes which are derivatives of the Re?+ core. The cobaltocene reduction of 
Re2CI5(PMePh2), to give [($-CsHs)2Co] [Re2C15(PMePh2)3] and its oxidation to [Re2C1S(PMePh2)3]PF6 by NO+PF6- have also 
been accomplished. These results demonstrate that mixed halide-phosphine complexes of Re2"+ (n = 6, 5 ,  4) exhibit the most 
extensive redox chemistry of any class of multiply bonded dimetal species. The nonredox substitution chemistry of [Re2Cl6(PR3),]- 
with PR3 and of [RezC15(PR3)3]- with PR3 has k n  shown to lead to the formation of Re2C1S(PR3)3 and Re2CI4(PR3),, respectively. 

Introduction 
The redox properties of compounds that possess multiple 

metal-metal bonds are developing into an important facet of the 
chemistry of this class of molecules.' Dirhenium complexes have 
proved especially interesting because of their ability to undergo 
multiple-electron oxidations or reductions without disruption of 
the dimetal unit. One such example is that of the net four-electron 
reduction of the Re(1V) anion [Re&&]-, possessing a ReRe triple 

bond (u2?r4 configuration), to give the Re(I1) complex ReZC14- 
(PEt,),, also possessing a formal bond order of 3 (u2~46z6*2).2 
Previous studies on the electrochemistry of Re2X4(PR3)4 and 
Re2X4(LL)* (X = C1, Br, I; LL = 1,2-bis(diphenylphosphino)- 
ethane or l-(diphenylphosphino)-2-(diphenylarsino)ethane)3~4 led 
to the discovery of a novel series of coupled electrochemical- 
chemical reactions and the isolation of the paramagnetic mono- 
cations of these complexe~.~-~  More recently! the isolation and 

(2) Hertzer, C. A.; Walton, R. A. Inorg. Chim. Acra 19 7, 22, L10. 

(4) Ebner, J. R.; Tyler, D. R.; Walton, R. A. Inorg. Chem. 1976, 15, 833. 
(1) Cotton, F. A.; Walton, R. A. 'Multiple Bonds Between Metal Atoms"; (3) Ebner, J. R.; Walton, R. A. Inorg. Chem. 1975, 14, 7 1987. 

Wiley: New York, 1982; see also references therein. 
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