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ligand M-’ for methyl phosphate), and (In) is the 
concentration of the indicator anion. Since a’ >> 
1 for all experiments reported here 

(4) 
&:I 

1 
1 / r  E k32 + ~- 

I + k12t(M) + (L)1 

Equation 4 can be rearranged to give 

{ 1 + K[(M) (L) I ] -’ = ~k32(Ka2 f 1) - K32 (5) 

where K is the over-all association constant, [(ML,) + 
(MLi)]/(M)(L), which is 81.3 M-1,2  and K32 = k32/k23. 

A plot of { 1 + K [ ( M )  + (L)] 1 -l us. T should be 
linear, and determination of the intercept and slope 
permits k23 and k32 to be evaluated. A plot of the data 
according to eq 5 is given in Figure 1, and the rate and 
equilibrium constants obtained are k23 = k32 = 0.7 
X lo4 sec-’, K32 = 1, and Klz = 41 $1-l. The ex- 
perimental uncertainty in the constants is about f 3 0 % .  

Discussion 
The value of k23 is in reasonable agreement with the 

values found for other Ni2+ complexes6 and with the 
rate of exchange of water from the inner hydration 
sphere of Ni2+;7 it is also in agreement with the idea 
that expulsion of water molecules from the inner hy- 
dration sphere is rate determining in the over-all com- 
plex f ~ r m a t i o n . ~  In the case of Ni2f complexes with 
trivalent pyrophosphate,8 tetravalent tripolyphos- 
phate,s and tetravalent adenosine 5’-tripho~phate,~ 
the ratios of inner-sphere to outer-sphere complexes 
can be estimated to  be 35, 150, and 260, respectively 
(*30% a t  least). The ratio (MLi)/(ML,) corre- 
lates roughly with the charge on the phosphates; that 
is, the lower the charge, the more predominant are 

(7)  T. J. Swift and R.  E .  Connick, J .  Chem. Phys., 37, 307 (1962). 
(8) G. G. Hammes and M. L. Morrell, J .  Am.  Chem. Soc., 86, 1497 

(1964). 
(9) G. G. Hammes and S. A. Levison, Biochemistry, 3, 1504 (1964). 

outer-sphere complexes. It is also worth noting that 
the oxygen atoms of the POs pyramid just match the 
hydrogens on a trigonal face of the octahedrally hy- 
drated metal ion so that stabilization of the outer- 
sphere complex might occur through hydrogen bonding. 
An appreciable amount of outer-sphere complexes 
has also been found for NiS04 complexes.10 Other 
divalent metals would be expected to have ratios of 
(ML,)/(MLi) similar to  the complexes of Ni2+ with 
MP, but the associated rates are too rapid to measure 
with the temperature-jump method. The relative 
amounts of inner- and outer-sphere complexes may be 
of importance in biological systems where divalent 
monophosphates and singly charged phosphate diesters 
are quite prevalent. 

(IO) M. Eigen and K. Tamm, 2. Eleklrochem., 66, 107 (1962). 
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The versatility of the dialkyldithiophosphato group 
and its similarity to the acetylacetonato group as R 

uninegative bidentate ligand for transition metal atom.; 
has been pointed and complexes of the related 
dialkyl- or diaryldithiophosphinato group have been 
described.3 Sulfur-bonded tetracarbonylmanganese 
chelates of diethyldithi~carbamato,~ dithioben~oato,~ 
and maleonitriledithiolato6 groups are known, as well 
as bromotricarbonylmanganese chelates of uncharged 
dithioether~.~ The preparation and properties of 
mixed complexes containing Lewis bases and halo- 
or pseudohalocarbonylmanganese(1) groups have been 
of continuing interest.8-15 

We have prepared 0,O’-diphenyldithiophosphato- 
tetracarbonylmanganese( I), [MnS2P ( OCsH5) ,(CO),] , 
and investigated its reactions with Lewis bases. Some- 

(1) C. K.  J@raensen, “Inorganic Complexes,” Academic Press Inc., New 

( 2 )  C. K. Jdrgensen, J .  Inorg. Nucl. Chem., 24, 1571 (1962). 
(3) W. Kuchen, J. Metten, and A. Judat, Bev., 97, 2306 (1964). 
(4) F. A. Cotton and 3. A. McCleverty, Inoug. Chem., 3, 1398 (1964). 
(5) I. A. Cohen and F. Basolo, ibid., 3, 1641 (1964). 
(6) J. Locke and J. A. McCleverty, Chem. Commun., 102 (1965). 
(7) H. C. E. Mannerskantz and G. Wilkinson, J .  Chem. Soc., 4454 (1962). 
(8) E. W. Abel and G. Wilkinson, ibid. ,  1501 (1959). 
(9) R. J. Angelici and F. Basolo, J .  Am. Chem. Soc., 84, 2495 (1962). 
(10) R. J. Angelici and F. Basolo, Inovg. Chem., 2, 728 (1963). 
(11) R. J. Angelici, F. Basolo, and A. J. Poe, Natuue, 196, 993 (1962). 
(12) R. 5. Angelici, F. Basolo, and A. J. PoE, J .  Am. Chem. SOC., 85, 2215 

(1963). 
(13) M.  F. Farona and A. Wojcicki, Inorg. Chem., 4 ,  857 (1965). 
(14) A I .  F. Farona and A. Wojcicki, ib id . ,  4, 1402 (1965). 
(15) A. Wojcicki, F. A. Hartman, and M. Kilner, Abstracts of Proceed- 

ings, The Second International Symposium on Organometallic Chemistry, 
Madison, Wis., Sept 1965, p 76. 

York, N. Y., 1963, pp 133-136. 
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TABLE I 
,YSES ASD MELTING POISTS 
7 __-__ Analytical data- 

Calcd-- -- -- 
Mol 

7 c C  % H  7cX %P 70s w t  % C  
42 87 2.24 . . .  6 . 9 1  14.30 448 43.28 
27.27 2.86 , . ,  8.79 18.20 352 26.57 
28.58 2.99 , . .  9 . 2 1  9.54 336 27.40 
46.16 2.42 . . .  7.44 15.40 416 46.30 

48.09 3 .02  2.80 6.20 12.84 . . .  48.27 
52.08 3.14 4 .86  6.37 11.12 . .  , 61.82 
54.25 3.44 . . .  8.47 8.77 . . .  53.86 

Mp,a  
I C  

80-82 
78-80 

126-127 
236-240 

122-123 
174-176 
85-86 

a All compounds decomposed upon melting. 

what ambiguous results were obtained in the attempted 
preparations of the analogous tetracarbonylmanganese 
complexes of the diethyldithiophosphato [ (C2H50)%- 
PS2 I-, diethylthiophosphato [ (CzH60)2PSO]-, and 
diphenyldithiophosphinato [(CSH&PS~]- groups. 

Experimental Section 
General.-All reactions were carried out under a stream of dry 

nitrogen. Microanalyses and molecular weight determinations 
(osmometric, in chloroform) were performed by Galbraith 
Laboratories, Inc., Knoxville, Teiin ., and the Analytical Re- 
search Division of this company. Melting points, taken in 
open capillaries, are uncorrected. High-resolution infrared 
spectra in the carbonyl stretching region were obtained on a 
Perkin-Elmer Model 521 instrument. Other regions of the in- 
frared spectrum were studied with a Beckman IR-5 with so- 
dium chloride or potassium bromide optics. 

Bromopentacarbonylmanganese was prepared according to 
the literature8 from dimanganesedecacarbonyl obtained from 
the Ethyl Corp. Sodium and ammonium salts of diethyl- 
[ (CZHBO)ZPSSH] and diphenyldithiophosphoric [ (C6HsO)~PSSH] 
acids were obtained by neutralization of the reaction mixtures 
from treatment of phosphorus pentasulfide (Matheson Coleman 
and Bell) with ethanol or phenol.16 Potassium diethylthio- 
phosphate [(CZHBO)&~OK] was prepared by the reaction 
between potassium hydroxide and triethylphosph~rothioate,'~ 
and salts of diphenylphosphiuodithioic acid [ (C8Hj)2PSSH] by 
neutralization of the 957, acid kindly donated by the Lubrizol 
Corp. All solvents, pyridine, a,a-bippridyl, and triphenyl- 
phosphine were reagent grade chemicals; triethyl phosphite and 
triphenyl phosphite were used as purchased from Matheson 
Coleman and Bell and tributylphosphine was used as purchased 
from Peninsular ChemResearch Inc. 

Synthesis of the Tetracarbonylmanganese Chelates.--B mix- 
ture of 1.10 g (4.0 mmoles) of MnBr(CO)j, 1.25 g (4.1 mmoles) 
of sodium diphenyldithiophosphate, and 25 ml of acetone 
was stirred for 1.5 hr in an oil bath a t  50". After filtration of a 
white powder, the acetone was stripped 011 a rotary evaporator 
and the oily residue was extracted with five 10-ml portions of hot 
pentane. The solution was filtered through paper, concentrated 
in a hot water bath until crystals appeared, and chilled to - 15'. 
Filtration gave 1.10 g (6lyG yield) of yellow flakes, mp 80-82". 
The ultraviolet spectrum (Optica CF-4 spectrophotometer, 
cyclohexane solution) showed maxima at  250 mp (e 14,700) and 
386 m.u (e 800). 

The identical procedure, involving reaction times of 1 to 3 
hr, was used to prepare the less well-characterized tetracarbonyl- 
manganese analogs from ammonium diethyldithiophosphate, 
potassium diethylthiophosphate, and ammonium diphenyl- 
dithiophosphinate. Recrystallization from pentane-dichloro- 
methane mixtures was employed for the analytical samples. 
Table I gives melting points and analytical data for these com- 

(16) E. Muller, Ed.. "Houben-Weyl Methoden der Organischen Chemie," 

(17) T. W. Mastin, G. R. Norman, and E. A.  Weilmunster, J .  A m .  Chew.  
Vol. XII, Par t  2, Georg Thieme, Stuttgart ,  Germany, 1964, pp 683-690. 

SOL., 67, 1662 (1945). 

7 c H  
2.01 
3 .03  
3 .74  
2.82 

3.16 
3 .03  
3.56 

-Found- 

70s % P  
. . .  7.07 
. . .  8 4 8  
. . .  11.04  
. . .  7 52 

2 .61  6 09 
4 70 5 30 
, .  . 8.07 

%S 
14 ,77  
18.36 
11.90 
14 .60  

12.56 
10.90 
8 . 2 0  

Mol 
r r t  
462 
340 
616 
6 14 

. . .  

pounds. Only diphenyldithiopliosphatotetrdcarboriylmaii~aiie~c 
TTas obtained a5 crystals; the others were powders. All aerc 
yellow-orange. 

Reactions between [MnSzP(OC6H,)z(CO)a] and Lewis Bases.- 
The reaction system was flushed with nitrogen and connected 
to a standard microhydrogenation apparatus (Fisher Scientific 
Co.). A solution of 0.20 g (2.5 mmoles) of pyridine in 10 ml of 
cyclohexane was added dropsise to  a magnetically stirred solu- 
tion of 0.398 g (0.89 mmole) of [MnS&'(OC6H,)2(CO)4] in 12 nil 
of cyclohexane at  24". Gas was evolved, and the pressure was 
periodically adjusted to atmospheric. After 165 min, evolution 
had ceased, the gas evolved amounting to 22.7 ml (STP), 114Cr, 
of theoretical for displacement of 1 mole/mole of chelate. The 
solution vias filtered and slowly maporated by a nitrogen stream 
t o  give well-formed orange crystals. 

The reactions with other bases were carried out similarly dnd 
are summarized in Table 11. Table I lists melting points and 
analytical data for the ligand-substituted compounds isolated. 
All were yellow-orange. Very slow crystallization from pentane 
at  - 10" was required to  obtain crystals of the triethyl phosphite 
and triphenyl phosphite complexes; only oils were obtained from 
the tributylphosphine reactions. After the reactions, only 
traces of the [MnS2P(OCsH,)2(C0)4] were detected in the in- 
frared spectra. Triphenylphosphine redcted only a t  higher 
temperatures, with concurrent decomposition of the chelate, 
and no pure complexes could be isolated in this case. 

TABLE I1 
REACTIOSS BETWEEN [MiiS&'(OC#H5)2( CO)&j AND LEWIS BASES 

Gas 

(mmoles) of Mn (mC O C  min tionb 
C6HaN (2.50) 0.888 CsHiz (22) 24 166 114 
CioHiNz (1.40) 0.815 CsHiz (28) 25 300' 116 
P(OCzH6)s (1.68) 0.801 C3HeO (26) 0 110 148 

P(CaHs)3 (1.91) 0.796 CsHn (25) 26 60 145 

Base mmole Solvent Temp, Time, evolu- 

P(0CeH:)a (1.48) 1.0 CHCh (40) 24 100 92 

a Complex precipitated as reaction proceeded; gas cvolutioii 
slower than in  other cases. * Per cent of theoretical for 1 mole/ 
mole of Mn. 

Results and Discussion 
The reactions between brornopentacarbonylmanga- 

nese and the alkali salts of diphenyldithiophosphoric, 
diethyldithiophosphoric, diethylthiophosphoric, and di- 
phenyldithiophosphinic acids gave moderately air- 
stable, chelated tetracarbonyl complexes, of which 
[MnSzP(OC~H&(C0),] was most readily obtained. 
The appearance of the reaction mixtures (oily residues, 
giving only powders on attempted crystallization) and 
the molecular weight data (Table I) suggest that poly- 
merization may have occurred in the cases of what we 
formally identify as [BlnOSP( OCzH&( CO), ] and 
[nInSzP(csH,)~(Co),l. 

The infrared spectrum in the carbonyl region of 
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[MnS2P(OC6H5)~(C0)4] (cyclohexane solution) shows 
bands a t  2100 (m), 2026 (s), 2006 (s), and 1963 (s) 
cm-l in the frequency range and pattern expected for 
a simple, chelated tetracarbonylmanganese com- 
p l e ~ . ~ ,  5 1  l8 However, although low-resolution spectra 
appear normal, more carbonyl stretching bands than 
expected for the simple complexes are found in the high- 
resolution spectra of [M~SZP(OC~H, )~ (CO)~]  (dichloro- 
methane solution): 2098 (w), 2028 (s), 2021 (m, sh), 
2000 (m), 1957 (m, sh), and 1944 (s) cm-l; [MnSz- 
P(C6H5)2(CO)4] (dichloromethane solution) : 2096 (w), 
2025 (s), 2020 (m, sh), 2000 (m), 1953 (m), and 1944 
(m, sh) cm-l; and [MnOSP(OC2H5)z(C0)4] (dichloro- 
methane solution): 2096 (w), 2027 (s), 2004 (m, sh), 
1948 (s), and 1920 (m, sh) cm-I. The P-S frequencies 
of our compounds, e.g., [Mn&P(OC&5)2(C0)4] (broad, 
medium peaks in Nujol mull): 657, 644, and 535 
cm-l, are near those of other dialkyldithiophosphato- 
metal complexes. 19, 2o 

It appears from the infrared and electronic absorp- 
tion spectra of our complexes that the bonding proper- 
ties of the [(RO)ZPSZ]- group resemble those of the 
[(C2H5)zNCSz]- and [C6H5CS2]- groups. However, 
the extinction coefficient (800) a t  the long-wavelength 
maximum of [MnSzP(OC6H5)z(C0)4] is much closer to 
those of [MIIB~(CO)~L] complexes (340-730) lo than to 
that of [Mn(C6H5CSz) (CO),] (6900) . 5  Replacement of 
carbon by phosphorus has only slightly affected the T- 
bonding ability of the sulfur atoms. 

In  analogy to the reactions between [ M ~ I B ~ ( C O ) ~ L ]  
and other ligands to give [MnBr(CO)sLL’] species, 
reaction occurs readily between [MnS2P(OC6H5)2- 
(CO),] and Lewis bases to form [MnS2P(OC6H5)2- 
(CO)3L] complexes. Only in the case of L = tributyl- 
phosphine have we found more than traces of the di- 
carbonyl complex [Mn~zP(OC6H~)z (~O)zLz] .  Even a t  
higher temperatures for longer times with large ex- 
cesses of the other ligands, the monosubstituted com- 
plexes remain the main products. 

The reactions are easily followed by infrared spec- 
troscopy and tentative assignments of structure have 
been made by analogy with previous w ~ r k , ~ - ~ ~ ?  l8 al- 
though the purported cis-phosphite complexes show 
more carbonyl stretching bands than expected. The 
following carbonyl stretching bands have been ob- 
served for the species cis- [MnS2P(OC6Hs)z(C0)3L] 
(cyclohexane solution), where L = P(OC6H5)3: 2045 
(s), 1987 (s), 1973 (s), 1953 (m), and 1938 (s) cm-l; 

(m), and 1888 (m) cm-l; L = P(C4H9)3: 2028 (s), 
1945 (s), and 1914 (s) cm-I; L = C5H4N: 2033 (s), 
1944 (s), and 1924 (s) cm-l; L = CloHsNz (dichloro- 
methane solution): 2032 (s), 1940 (s, sh), and 1930 
(s) cm-l. The following bands have been observed 
(cyclohexane solution) for trans- [MnSzP(OC6H5)2- 

L = P(OCzH5)s: 2040 (s), 1972 (s), 1963 (s), 1927 

(18) F. A. Cotton, Inavg.  Chem., 3, 702 (1964), and references cited 
therein. 

(19) J. Rockett, J .  App l .  Spectry., 16, 39 (1962). 
(20) R. A. Chittenden and L. C. Thomas, Spectvochim. Acta 20, 1679 

(1964). 

(C0)3P(OC6H5)3]: 2045 (w), 1974 (s), and 1908 (s) 
cm-l; for trans- [MnS2P(OC6H6)2(C0)3P(OCzH5)3] : 
2040 (w), 1963 (s), and 1883 (s) cm-l; for cis-{MnSzP- 
(OC,H~)Z(CO),[P(C,H~)&) : 1923 (s) and 1850 (s) 
cm-l. 

A mixture of cis and trans isomers was invariably 
formed with triphenyl phosphite or triethyl phosphite 
as ligand, low temperatures (0’) favoring the cis 
isomer slightly. No major solvent effects were noted. 
Crystallization gave fractions enriched in one isomer 
or the other, so. that assignments of structure could 
be made. Heating of cis- [ M ~ S ~ P ( O C ~ H ~ ) Z ( C ~ ) ~ P -  
(OC~HS)~]  for 6 hr a t  80” in cyclohexane solution 
gave some decomposition, but only slight conversion 
to the trans isomer. Pyridine or a,a’-bipyridyl gave 
exclusively the cis isomer. The displacement of only 
1 mole of carbon monoxide by the normally bidentate 
ligand a, a’-bipyridyl may be explained as involving 
displacement also of one of the sulfur atoms, so that 
the [(C6H50)2PS~] group functions only as a monoden- 
tate ligand. An analogous situation has been reported 
in the case of the reaction between a,a’-bipyridyl and 
hexafluoroacetylacetonatotetracarbonylmanganese. l5 

The difficulty in preparing [MnX(C0)3LZ] complexes 
with triphenylphosphine as ligand has been noted 
before.l2,l4 
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The exchange of the acidic protons of coordinated 
ligands (e.g., amine protons) is a well-documented 
phenomenon1 and recently Williams and Busch have 
shown that coordination may lead to the labilization 
of the less acidic protons of coordinated ligands, such 
as the a-methylene protons of glycine.2 The proton- 
exchange reactions of the coordinated acetylacetonate 
ligand in the ion Co(en)z(acac)2+ described in this 
note also show the marked effect which coordination 
may have upon the reactivity of an organic molecule. 
The exchange of the protons of the free ligand may 
be accomplished in basic solution, with the protons at  
the y carbon exchanging most r e a d i l ~ ; ~  however, in 

(1) J. W. Palmer and F. Basolo, J. Phys.  Chem., 64, 778 (1960); B. P. 
Block and J. C. Bailar, Jr., J .  Am. Chem. Soc., 78, 4722 (1951); R. G. Pear- 
son and F. Basolo, i b i d . ,  78, 4878 (1956); F. Basolo and R.  G .  Pearson, 
“Mechanisms of Inorganic Reactions,” John Wiley and Sons, Inc., New 
York, N .  Y.,  1858, pp 129,386, 394. 

(2) D. H. Williams amd D. H. Busch, J. A m .  Chem. Sac., 87, 4644 (1965). 
(3) (a) R.  Klar, Z. Physik. Chem., 326, 335 (1934); Chem. Abstr.,  26, 

7123 (1934); (b) A. Murray, 111, and D. L. Williams “Organic Synthesis 
with Isotopes,” Interscience Publishers, Inc., New York, N .  Y. ,  1958, Part 
11, p 1604; (c) R. G. Pearson and E. A. Mayerle, J. Am. Chem. Soc., 73, 926 
(1951). 


