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Reaction offac-(CH3CN),Mo(C0), with CH,N(PF,), in acetonitrile solution at room temperature gives white, volatile, 
crystallinef~c-[CH~N(PF~)~]~Mo(CO),, containing one monodentate and one bidentate CH3N(PF2), ligand. The same 
reactants in boiling acetonitrile give yellow [CH,N(PF,),],Mo,(CO), in considerably better yield than the previously reported 
preparation of this binuclear complex from the cycloheptatriene complex C7H8Mo(C0)3 and CH3N(PF2), in boiling 
methylcyclohexane. Reaction in acetonitrile solution 0ffac-(CH$N),Mo(C0)~ with CH,N(PF,), containing about 0.2% 
HCI (an impurity not known initially to be present) gives brown-red, volatile (CO)2Mo[p-CH,N(PF2)2]2(p-PF2)(p-C1)- 
Mo(CO)(PF2NHCH3), whose composition and structure were established by single-crystal X-ray structure analysis. This 
novel quadruply bridged binuclear complex is obtained in considerably better yield from the reaction of [CH3N(P- 
F2)2]3M02(C0)5 with [(C2H5),NH]C1 in acetonitrile solution. The complex has a Mo-Mo bond 2.975 8, in length. Crystal 
data: monoclinic, space group P2,/c, n = 17.546 (4) A, b = 9.725 (2) A, c = 14.558 (3), /3 = 107.20 (2)O, Z = 4. 

Introduction 
A previous paper of this series3 describes reactions of the 

norbornadiene complexes C7H8M(C0)4 (M = Cr, Mo, W) 
and the cycloheptatriene complexes C7H8M(CO), (M = Cr, 
Mo, W) with the ligands RN(PF2), (R = CH,, C6H5) to give 
a variety of metal carbonyl derivatives, including the chelates 
RN(PF2)2M(C0)4, the monoligate monometallic complexes 
[RN(PF,),],M(CO), (M = Cr, trans isomer; M = Mo and 
W, cis isomer), and binuclear M2(CO)II substitution products 
of the types [RN(PF2)2],M2(CO)11-zn (n = 3-5). The extent 
of this chemistry has led us to investigate reactions of other 
reactive group 6 metal carbonyl intermediates with the RN- 
(PF2)2 fluorophosphines. In this connection the reaction of 
~uc- (CH~CN),MO(CO)~ (1) with C6H5N(PF2), was found4 
to give a novel bicyclo[2.2.2]octane-like cage chelate P[N- 
(C,H,)PF,],Mo(CO), (2), apparently by condensation of three 
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C6H5N(PF2), ligands with PF, elimination. This paper de- 
scribes the reaction o~~~c-(CH,CN)~MO(CO),  with the closely 
related ligand CH3N(PF2),. Somewhat unexpectedly, the 
subtle change in the RN(PF2), ligand of the R group from 

(1) For part 12 of the series see: King, R. B.; Shimura, M. J .  Organomer. 
Chem. 1983, 256, 71. 

(2) (a) University of Georgia. (b) Oak Ridge National Laboratory. 
(3)  King, R. B.; Lee, T. W. Inorg. Chem. 1982, 21, 319. 
(4) Brown, G. M.; Finholt, J. E.; King, R. B.; Lee, T. W. J .  Am. Chem. Sac. 

1981, ZO3, 5249. 

phenyl to methyl appears to prevent PF3 elimination to give 
an analogue of 2. Instead, the reaction of fac- 
(CH,CN),Mo(CO), with CH3N(PF2),, depending on the 
conditions, yields a new compound, ~ ~ C - [ C H , N ( P F , ) ~ ] ~ M O -  
(CO), (3), or provides a greatly improved preparation of the 
previously [ CH,N(PF,),] 4M02( CO) ,, shown by 
X-ray crystallography5 to have the novel structure 4 with an 
unsymmetrical bridging carbonyl group. In a more unusual 
reaction, fac-(CH,CN),Mo(CO), and CH,N(PF,), in the 
presence of a mild stoichiometric HCl source were found to 
give a novel product (CO),MO[~-CH~N(PF~)~]~(~-PF,)(~- 
Cl)Mo(CO)(PF,NHCH,) (9, hereafter written for brevity 
as [CH3N(PF2)2]2M02(CO)3(PF2NHCH3)(PF2)(C1), whose 
composition and structure were determined only after sin- 
gle-crystal X-ray analysis. 
Experimental Section 

Microanalyses were performed by Atlantic Microanalytical Lab- 
oratory, Atlanta, GA. Melting points were taken in capillaries and 
are uncorrected. Infrared spectra were taken on a Perkin-Elmer Model 
599B spectrometer and calibrated against the 1944- and 1601-cm-' 
bands of polystyrene film. Proton NMR spectra were run on a Varian 
EM-390 continuous-wave spectrometer using internal tetramethylsilane 
as a reference. Carbon-1 3, phosphorus-31, and fluorine-19 NMR 
spectra were taken on a JEOL FX-90Q multinuclear pulsed Fourier 
transform spectrometer using internal tetramethylsilane, external 85% 
phosphoric acid, and internal fluorotrichloromethane, respectively, 
as references. 

A nitrogen atmosphere was provided for all reactions, for handling 
of air-sensitive compounds, and for distillation of solvents before use. 
Acetonitrile was predried over molecular sieves and distilled over 
calcium hydride before use. The acetonitrile adduct CH,CN-2HCl6 
was prepared by saturating dry acetonitrile with hydrogen chloride 
gas at 0 'C followed by storage in a freezer at -10" for several days, 
during which time the product separated as colorless crystals. The 
product was separated by filtration and washed with diethyl ether. 

Hexacarbonylmolybdenum was purchased from Pressure Chemical 
Co., Pittsburgh, PA, and converted to ~uc-(CH~CN)~MO(CO), , '  
C7H8Mo(C0)3,8 C&8MO(C0)3,9 and [CH3N(PF2)2]3M02(C0)53 by 
the cited published procedures or trivial modifications thereof. The 
CH3N(PF2), ligand'oJ' was also prepared by the cited procedure, but 

(5) Newton, M. G.; King, R. B.; Lee, T. W.; Norskov-Lauritzen, L.; Kumar, 
V. J .  Chem. SOC., Chem. Commun. 1982, 201. 

(6) Janz, G. J.; Danyluk, S. S .  J .  Am. Chem. SOC. 1959, 81, 3850. 
(7)  Tate, C. P.; Augl, J. M.; Knipple, W. R. Inorg. Chem. 1962, 1, 433. 
( 8 )  King, R. B. "Transition-Metal Compounds (Organometallic Syntheses, 

Vol. 1)"; Academic Press: New York, 1965. 
(9) King, R. B. J .  Organomer. Chem. 1967, 8,  139. 

( I O )  Nixon, J .  F. J .  Chem. Sac. A 1968, 2689. 
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using decahydronaphthalene rather than methylcyclohexane as the 
diluent in the final step involving fluorination of CH3N(PC12), with 

Preparation of ~~c-[CH~N(PF,)~]~MO(CO)~ (3). (a) From fac- 
(CH3CN)3Mo(CO)3 (1). A solution O ~ ~ U C - ( C H ~ C N ) ~ M O ( C O ) ~  was 
prepared by boiling 1.93 g (7.3 mmol) of Mo(CO)~  in 40 mL of 
acetonitrile for 16 h. After it was cooled to room temperature, this 
solution was treated with 4.8 g (28.8 mmol) of CH3N(PF2)2. After 
15 min, solvent was removed at -25 OC (25 mm). The residue was 
extracted with 50 mL of pentane in three portions. Evaporation of 
the pentane extracts gave 1.66 g (44% yield) of crudefac-[CH3N- 
(PF2)2]2Mo(C0)3 after washing with a few milliliters of cold hexane. 
The analytical sample (mp 75-76 "C), obtained by vacuum subli- 
mation at 45 OC (0.3 mm), had infrared v(C0) frequencies in hexane 
at  2038, (s), 1982 (vs), and 1976 (vs) cm-I. Anal. Calcd for 
C&F&fON203P4: C, 11.7; H, 1.2; N, 5.4. Found: c ,  11.8; H, 1.2; 
N, 5.4. 

(b) From the Cycloheptatriene Complex C7H8Mo(CO)3. A solution 
of 2.78 g (17 mmol) of CH3N(PF2), in 40 mL of hexane was treated 
dropwise with a solution of 0.59 g (2.2 mmol) of C 7 H 8 M ~ ( C 0 ) 3  in 
70 mL of hexane at  30 OC during 5 h with stirring. The red color 
of C,H,MO(CO)~ slowly disappeared. After the mixture was allowed 
to stand overnight at room temperature, solvent was removed at -25 
OC (25 mm). Crystallization of the residue from hexane gave ulti- 
mately 0.135 g (12% yield) O~~~C-[CH~N(PF~)~]~MO(CO)~, identified 
by its melting point and infrared spectrum. 

(c) From the Cyclaoctatetraew Complex C ~ H ~ M O ( C O ) ~  A solution 
of 5.2 g (31 mmol) of CH3N(PF2)2 in 50 mL of hexane was treated 
dropwise with a solution of 1.11 g (3.9 mmol) of C8H8Mo(CO)3 in 
50 mL of hexane during 30 min with stirring. The red color of 
C8H8Mo(CO)3 disappeared instantly upon contact with the CH3N- 
(PF,), ligand. A total of 0.101 g (5% yield) of fac-[CH3N- 
(PF2)2]2M~(C0)3 was isolated from the reaction mixture by a pro- 
cedure similar to that described above and identified by its melting 
point and infrared spectrum. The residue from the hexane extractions 
gave 0.005 g of a second slightly yellow product, suggested by its v(C0) 
frequencies of 2040 (s), 1952 (vs), and 1900 (s) cm-' in CC14 to be 
the adduct ~4-C8H8Mo(C0)3(PF2)2NCH3. However, this product 
was not fully characterized because of the small amount available. 

(a) From fac-  
(CH,CN),Mo(CO), (1). A solution O ~ ~ U C - ( C H ~ C N ) ~ M O ( C ~ ) ~  was 
prepared by boiling 1.29 g (4.9 mmol) of Mo(CO)6 in 25 mL of 
acetonitrile for 16 h. After it was allowed to cool to room temperature, 
this solution was treated with 2.45 g (14.7 mmol) of CH3N(PF2)2. 
The reaction mixture was boiled under reflux for 3 h. Solvent was 
removed from the resulting deep orange solution at -25 OC (25 mm). 
The yellow solid residue was extracted with 25 mL of diethyl ether 
in three portions. Evaporation of the filtered combined ether extracts 
gave 0.76 g (33% yield) of crude [CH3N(PF2),]4M02(CO)3, identified 
by comparison of its v(C0) frequencies with those reported3 in the 
literature. Further purification cpuld be effected by crystallized from 
diethyl ether. 

The time of the reaction between ~UC-(CH,CN),MO(CO)~ and 
CH3N(PF2), in the boiling acetonitrile is rather critical in order to 
obtain yields similar to those reported above. Comparable yields are 
obtained with reaction times in the range 1.5-3 h. Reaction times 
below 40 min or above' 7 h gave much lower yields. 

(b) From ~~C-[CH~N(PF~)~]~MO(CO)~. The crudefac-[CH3N- 
(PF2),I2Mo(C0), obtained from 1.1 g (4.2 mmol) of Mo(CO)~  as 
described above was boiled in 30 mL of heptane for 3.5 h. Cooling 
the reaction mixture for 3 days at  -10 OC precipitated 0.63 g (32% 
yield) of yellow crystalline [CH3N(PF2)2]4M02(CO)3, identified by 
its infrared v(C0) spectrum. 

Conversion of [CH3N(PF2)2]4M02(C0)3 (4) to [CH,N(PF2)2]5- 
Mo2C0 (6) .  A mixture of 0.607 g (0.64 mmol) of [CH3N(P- 
F2)2]4M02(C0)3, 1.33 g (8.0 mmol) of CH3N(PF2),, and 50 mL of 
heptane was boiled under reflux for 5 h. Cooling the reaction mixture 
at -10 "C for several hours gave 0.617 g (91% yield) of yellow 
crystalline [CH3N(PF2)2]5M02C0, which was filtered and washed 
with hexane. This product was identified by its infrared v(C0) 
frequency of 1934 cm-I in CC14 (lit.3 v(C0) in CCI4 1923 cm-l) and 
elemental analyses. The analytical sample was recrystallized from 
diethyl ether. Anal. Calcd for C6H15F20M~2NSOP10: C, 6.8; H, 1.4; 

SbF3. 

Preparation of [CH3N(PF2),]4M02(C0)3 (4). 
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N, 6.6. Found: C, 7.1; H, 1.4; N, 6.6. 
obsenatiorrs on the Cbemical Reactivity of [CH3N(PFZ)&Mo2(CO), 

(4). In hexane solution, [CH3N(PF2)2]4M02(CO)3 is not converted 
to any other metal carbonyl derivative by ultraviolet irradiation for 
several pours; slow decomposition to insoluble products occurs instead. 
Furthermore, [CH3N(PF2)2]4M02(CO)3 is unreactive toward acetylene 
in diethyl ether solution at  room temperature or toward carbon 
monoxide in hexane solution at ambient pressure and temperature 
even in the presence of ultraviolet radiation for 5 h. 

Preparation of [CH3N(PF2)2]2M02(CO)3(PF2NHCH3)(PF2) (Cl) 
(5). (a) From [CH3N(PF2)2]3M02(CO)5. A mixture of 0.10 g (0.12 
mmol) of [CH3N(PF,)2]3M02(CO)5, 0.0164 g (0.12 mmol) of tri- 
ethylammonium chloride, and 8 mL of acetonitrile was heated at 35-40 
OC for 1 day. The color of the solution gradually turned from yellow 
through orange to brown. Solvent was removed from the reaction 
mixture at -25 OC (25 mm). The brown residue was extracted with 
15 mL of hexane in three portions. Removal of the hexane gave 0.047 
g (48% yield) of brown crystalline [CH3N(PF2)2]2M02(C0)3(PF2N- 
HCH3)(PF,)(C1). The analytical sample was obtained by sublimation 
at  105 OC (0.3 mm). 

A similar yield of 5 was obtained from the reaction of 0.10 g (0.12 
mmol) of [CH3N(PF2)2]3M02(CO)s with 0.0075 g (0.066 mmol) of 
CH3CN.2HCI in 8 mL of acetonitrile at 40 OC for 1 day using a 
similar procedure for product isolation. 

(b) From [CH3N(PF2),I4Mo2(CO), (4). A mixture of 0.106 g 
(0.1 12 mmol) of [CH3N(PF2)2]4M02(C0)3, 0.0066 g (0.058 mmol) 
of CH3CN-2HCl, and 8 mL of acetonitrile was heated at 40 OC for 
25 h. Solvent was removed from the resulting orange-brown solution 
at -25 OC (25 mm). The resulting brown oily solid was extracted 
with 9 mL of hexane in three portions. Evaporation of the combined 
hexane extracts gave 0.005 g ( 5 %  yield) of brown solid [CH3N(P- 
F~)Z]~M~~(CO)~(PF~NHCH~)(PF~)(C~). 

(c) From ~~c-[CH~N(PF~)~]~MO(CO), (3). A mixture of 0.10 g 
(0.29 mmol) O~~UC-[CH~N(PF~)~]~MO(CO)~, 0.0197 g (0.14 mmol) 
of triethylammonium chloride, and 8 mL of acetonitrile was heated 
at 35-40 "C for 1 day. Solvent was removed from the reaction mixture 
at -25 OC (25 mm). Extraction of the residue with 3 mL of pentane 
in three mrtions followed bv evawration of the Dentane extract gave 

(1  1) King, R. B.; Gimeno, J.  Znorg. Chem. 1978, 17, 2390. 

0.009 g 18% yield) of brown [CH3N(PF2)2]2M02(C0)3(PF2Ni?C- 
H,)[PF,)[CI). -,. _,. 

(a) From fac-(CH,CN),Mo(CO), (1) with CH3CN.2HCI. A so- 
lution o ~ ~ u c - ( C H ~ C N ) ~ M O ( C O ) ~  was prepared by boiling 3.22 g (12.2 
mmol) of Mo(CO)~ in 75 mL of acetonitrile for 17 h. This solution 
was stirred at room temperature with 5.86 g (35 mmol) of CH3N(PF2), 
and 0.366 g (3.2 mmol) of CH3CN.2HCl until all of the latter had 
dissolved. The reaction mixture was then heated at 40 OC for 1 day. 
During the course of the heating the originally bright yellow solution 
became dark brown. Solvent was removed from the reaction mixture 
at -25 OC (25 mm). The black viscous liquid residue was extracted 
with 80 mL of hexane in four portions. The hexane extract was 
concentrated under a vacuum and cooled overnight in a -10 O C  freezer. 
The resulting brown crystals were filtered and washed with pentane 
to give 0.372 g (7.5% yield) of [CH3N(PF2)2]2M02(CO)3(PF2NH- 
CH3)(PF2)(C1). The analytical sample, mp 151-152 OC, was obtained 
by vacuum sublimation at 105 OC (0.3 mm). 

(e) From /~C-(CH~CN)~MO(CO)~ without an External HCI Source. 
A solution of ~ U ~ - ( C H ~ C N ) , M O ( C O ) ~  was prepared by boiling a 
solution of 7.9 g (30 mmol) of Mo(CO), in 150 mL of acetonitrile 
for 24 h. This solution was heated at 40 OC for 2 days with 15.6 g 
(93 mmol) of CH3N(PF2),. The reaction mixture gradually became 
dark brown. Solvent was removed from the reaction mixture at -25 
OC (25 mm). The resulting black oil was extracted with 93 mL of 
pentane in four portions. The brown pentane solution was concentrated 
and cooled to 0 OC. The resulting brown-red crystals were filtered 
and dried to give 0.744 g (6.1% yield based on Mo) of [CH3N(P- 
F2)2]2M~2(C0)3(PF2NHCH3)(PF2)(Cl)r corresponding to 0.0334 g 
of HCI or 0.2% HC1 impurity in the CH3N(PF2)2 ligand. The 
analytical sample, mp 153-154 OC, was obtained by recrystallization 
from 120 mL of warm pentane followed by sublimation at 105 OC 
(0.3 mm). Anal. Calcd for C6HIOC1F12M02N303P6: C ,  8.9; H, 1.2; 
CI, 4.4; N, 5.2. Found: C, 8.9; H, 1.2; C1, 4.4; N, 5.2. 

The color of crystalline 5 depends on crystal size. Small crystals 
are light brown; large ones are ruby red. 

Infrared Spectra of [CH3N(PF2)2]2M02(CO)3(PF,NHCH,)(P- 
F2)(CI) (5). (a) KBr pellet: v(NH) frequency at 3430 (m) cm-1; 
v(CH) frequency at 2950 (w) cm-'; v ( C 0 )  frequencies at  2060 (s), 
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2018 (s), 1977 (vs), 1957 (m) cm-I; other bands at 1387 (m), 1378 
(w), 1082 (m), 1064 (s), 1057 (sh), 917 (m), 870 (m), 830 (vs), 696 
(w), 673 (s), 564 (w), 552 (w), 525 (w), 500 (vw) cm-I. 

(b) CC14 solution: v(C0) frequencies at 2050 (m), 2030 (s), 1967 
(s) cm-I. 

Proton NMR Spectra. (a) ~~c-[CH~N(PF~),],MO(CO)~ (3) in 
CDC13: 6 2.94 (double doublet, J1 = 6 Hz, J2 = 1 Hz, 3 H), 6 2.75 
(triplet, J = 10 Hz, 3 H). 

CDC13: 6 2.82 (double doublet, J1 = 11 Hz, J2 = 6 Hz, 3 H), 2.73 
(singlet, 6 H). 

Carbon-13 NMR Spectra (Proton Decoupled). (a) fac-[CH3N- 
(PF,),],Mo(CO), (3) in CDC13 with Cr(acac),: 6 212.0 (broad, 2 
CO), 206 (broad, 1 CO), 29.1 (singlet, 1 CH3), 25.3 (singlet, 1 CHJ. 

(b) [ CH3N (PF,),] 2Mq( CO),( PF,NHCH3( PF2) (CI) (5) in CDCl, : 
6 27.6 (broad, 1 CHI), 25.7 (2 CH,); CO resonances not observed. 

Phosphorus-31 NMR Spectra (Proton Decoupled). The proton- 
decoupled phosphorus-31 NMR spectra offac- [CH3N(PF,)2]2Mo- 

are too complicated to be interpreted unequivocally in view of the 
several types of phosphorus atoms and the large number of possible 
phosphorus-fluorine and phosphorus-phosphorus coupling constants. 
A possible partial interpretation of the phosphorus-31 NMR spectrum 
o~~uc-[CH~N(PF~),]~MO(CO)~ follows. (a) Chelating CH3N(PF,), 
ligand: resonance centered at 6 143.3 with splittings of - 1230 and - 110 Hz arising from P-F and P-P coupling, respectively. (b) 
Uncomplexed phosphorus of monodentate CH3N(PF2)2 ligand: 
resonance centered at 6 138.8 with splittings of - 1270 and -210 
Hz arising from P-F and P-P coupling, respectively. (c) Complexed 
phosphorus of monodentate CH3N(PF2)2 ligand resonance centered 
at 6 178.7 with splittings of -1 120 and -210 Hz arising from P-F 
and P-P coupling, respectively. These chemical shift and coupling 
constant values are consistent with those previously found3 for less 
complicated related fluorphosphine metal carbonyl complexes. 

Fluorine-19 NMR Spectra (Proton Decoupled). (a) fuc-[CH3N- 
(PF2),12Mo(CO), (3) in CDCI,: 6 -32.0 (doublet, J = 1135 Hz, 2 
F), -50.1 (doublet of multiplets, major splitting 1235 Hz, 2 F), -52.7 
(double doublet, J1 = 1239 Hz, J2 = 49 Hz, 2 F), -75.1 (doublet, 
J = 1251 Hz, 2 F). 

(b) [CH~N(PF~)ZI~M~~(C~)~(PFZNHCH~)(PF~)(C~) (5) in 
CDC13: 6 -6.7 (double doublet, J1 = 1199 Hz, Jz = 6 Hz, 2 F), -26.7 
(doublet, J = 1102 Hz, 2 F), -39.5 (doublet, J = 1120 Hz, 2 F), -41.2 
(doublet, J = 1146 Hz, 2 F), -42.8 (doublet, J = 1152 Hz, 2 F), -44.5 
(doublet, J = 1150 Hz, 2 F). 

(c) [CH3N(PF2)2]3M02(C0)5 in CDC13: 6 -33.6 (doublet, J = 
11 18 Hz, 4 F), -36.8 (doublet, J = 1155 Hz, 4 F), -38.9 (doublet, 
J = 1155 Hz, 4 F). 

(d) [CH3N(PF2)2]4M02(CO)3 (4) in CDC13: 6 -24.8 (doublet, J 
= 1075 Hz, 2 F), -33.4 (doublet, J = 1053 Hz, 2 F), -34.4 (doublet, 
J = 11 18 Hz, 2 F), -35.9 (doublet, J = 1134 Hz, 2 F), -37.2 (doublet, 
J = 1150 Hz, 2 F), -39.8 (doublet, J = 11 37 Hz, 2 F), -50.2 (doublet, 
J = 1274 Hz, 2 F), -62.7 (doublet, J = 1301 Hz, 2 F). 

(e) CH3N(PF2)2Fe2(C0)7 in acetone: single resonance at 6 -44.2 
(doublet, J = 1180 Hz). 

(f) [CH3N(PF2)2]2Fe2(C0)5 in CDCl,: single resonance at 6 -41.5 
(doublet, J = 1147 Hz). 

(g) [CH,N(PF2)2],Fe2C0 in CDC13: 6 24.8 (doublet, J = 1138 
Hz, 2 F), -21.0 (double doublet, JI = 1101 Hz, J 2  = 30 Hz, 2 F), 
-28.6 (double doublet, J l  = 1074 Hz, J2 = 25 Hz, 2 F), -37.7 (doublet, 
J = 1179 Hz, 6 F), -39.7 (doublet, J = 1140 Hz, 1 F), -41.7 (doublet, 
J = 1136 Hz, 1 F), -44.9 (doublet, J = 1106 Hz, 1 F), -48.5 (double 
doublet, J1 = 1113 Hz, Jz = 40 Hz, 1 F). 

(h) [CH3N(PF2)2]3C02(CO)2 in CDCI,: single resonance at 6 -44.9 
Hz (doublet, J = 1101 Hz). 

(i) [CH3N(PF2)2]3Co,(PF,NHCH3)2 in CDCl,: 6 -31.9 (doublet, 
J = 1145 Hz, 4 F), -42.0 (doublet, J = 1070 Hz, 6 F). 

X-ray Crystal Structure Analysis of [CH3N(PF2)2]2M02(C0)3(P- 
F2NHCH3)(PF,)(Cl) (5). (a) Data. Crystal specimen: irregular 
chunk with maximum diameter 0.5 mm, cut from larger specimen 
from preparation e above. Data measurements: Oak Ridge dif- 
fractometer,I2 Mo Ka radiation (A = 0.7107 A) at 19-21 ' C .  Unit 
cell: monoclinic, PZl/c, a = 17.546 (4) A, b = 9.725 (2) A, c = 14.558 

(b) [CH3N(PF2)212M02(C0)3(PF2NHCH3)(PF2)(C1) (5) in 

(CO), (3) and [CH,N(PF,),l,Mq(CO),(PF,NHCH,)(PF,)(C~) (5) 

King, Shimura, and Brown 

(12) Busing, W. R.; Ellison, R. D.; Levy, H. A.; King, S. P.; Roseberry, R. 
T. Oak Ridge Natl. Lab., [Rep.]  ORNL (US.) 1968, ORNL-4143. 

Figure 1. Drawing of the molecule of [CH3(PF2)2]2M02(CO)3(P- 
F2NHCH3)(PF,)(Cl) (5), showing thermal ellipsoids of 10% prob- 
ability. Methyl hydrogen atoms are not shown. 

(3) A, j3 = 107.20 (2)', Z = 4, ddd = 2.276 g cm-' (mol wt 813.32). 
Recording of reflection data: 8-28 step scans; 28 step = 0.05'; 28 
base width = 1.8' + A(al - a,); 2-s counts in scan, 40-s background 
count at each end; niobium filter; three standards every 50 data (no 
significant deterioration); 5819 observations to 28 = 55'. Preliminary 
data processing: Lorentz, polarization, and absorption  correction^'^ 
(p  = 16.5 an-', crystal described by 15 faces, maximum and minimum 
transmission coefficients 0.652 and 0.590); 5475 independent F: 
observations after averaging. 

(b) Structure Solution and Refwment. The structure solution was 
obtained by direct methods by use of the program MULTAN;'~  and 
refinement using Fourier, difference map, and least-squares methods 
established the structure shown schematically in 5 and to scale in 
Figure 1. The presence of the unexpected chlorine atom was inferred 
early in the determination and confirmed by chemical analysis for 
chlorine, first performed at that time. 

The hydrogen atom on N(3) was indicated by a difference map 
in a late stage of the refinement. For each methyl group, two peaks 
were also found that could reasonably be used to position in the model 
the three hydrogen atoms of an idealized methyl group (C-H distance 
0.95 A, tetrahedral angles). Each hydrogen atom was given a thermal 
parameter B of 10 A2. No hydrogen parameters were adjusted. 

In the final cycle 4441 F: values were used, each with a weight 
of l/d(F?), where $(F:) is the empirically adjusted varianceI5 given 
by eq 1, where u;(F:) is the variance from counting statistics. The 

(1) 

996 reflections having F: < 2u(F:) were given zero weights, as were 
the 37 reflections having 28 < 10'. The latter were rejected because 
their lower angle backgrounds had clearly not been properly measured 
because of the filter-edge effect. For no parameter was the final shift 
more than 6% of the corresponding esd; in general the shifts were 
very much smaller. For the 4441 observations included with nonzero 
weights, the values of the usual measures of goodness of fit are as 
follows: R(F) = 0.029, R(P) = 0.033, R,(P) = 0.064, u1 = 1.380. 

The standard Oak Ridge National Laboratory crystallographic 
computer programs were used in this work.I6 The scattering factors 
used, including the anomalous contributions for Mo, P, and C1, were 
from the standard source.17 

u2(F:) = u:(F:) + (0.03F2)2 

(13) Busing, W. R.; Levy, H. A. Acta Crystallogr. 1957, 10, 180. 
(14) Main, P. et al. 'MULTAN78"; University of York: York, England, 

1978. 
( 1 5 )  Peterson, S. W.; Levy, H. A. Acta Crystallogr. 1957, 10, 70. 
(16) For more details see: Brown, G. M.; Finholt, J. E.; King, R. B.,; Bibber, 

J. W. Inorg. Chem. 1982, 21, 2139. 
(17) 'International Tables for X-ray Crystallography"; Kynoch Press: Bir- 

mingham, England, 1974; Vol. IV, Tables 2.2A, 2.2C, 2.3.1.  
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Table I. Fractional Coordinates of the Atoms 
(except Methyl Hydrogen Atoms) in 
[ CH,N(PF,), ] ,Mo,(CO), (PF2 NHCH,)(PI?, KC1) (5) 

X Y Z 
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trans to PF, groups of monodentate (6 206) and bidentate (6 
21 2.0) CH,N(PF,), ligands. 

Reaction o~~uc- (CH~CN) ,MO(CO)~  with CH3N(PF2), in 
boiling acetonitrile leads to the formation of [CH3N(P- 
F2)2]4M02(C0)3 (4) as the only metal carbonyl derivative, 
although the reaction time is rather critical in order to obtain 
maximum yields (-33%). This preparation of [CH3N(P- 
F2)2]4M02(C0)3 (4) is much better than the reported3 prep- 
aration from the cycloheptatriene complex C7H8Mo(CO)3 and 
CH,N(PF,),, which gives only a 3% yield after a difficclt 
separation from concurrently produced [CH3N(PF2),] =,Mo,CO 
(6).  The formation of (6) as the major metal carbonyl product 
from the reaction of C7H8Mo(C0), with CH3N(PF2), in 
boiling methylcyclohexane is consistent with our present ob- 
servation that pure [CH3N(PF,),I4Mo2(CO), (3) reacts with 
excess CH,N(PF,), in boiling heptane to give [CH,N(P- 
F2)2]5M02C0 (6)  in nearly quantitative yield. 

In our earlier work4 we used the reaction of fuc- 
(CH,CN),MO(CO)~ with C6H5N(PF2), in acetonitrile for 2 
days at 40-45 “C to prepare the cage complex P[N(C,H,)- 
PF,],Mo(CO)~ (2). A similar reaction of fuc- 
(CH,CN),Mo(CO), with CH3N(PF2)2 gave a volatile 
brown-red solid, whose structure could not be elucidated by 
simple analytical and spectroscopic methods. However, a 
single-crystal X-ray diffraction analysis indicates this solid to 

which in terms of its stoichiometry may be regarded as an HC1 
adduct of the coordinatively unsaturated fragment [CH3N- 

Since no chlorinated solvents were used in the preparation 
and isolation of 5, the only possible source of chlorine is the 
CH,N(PF,), ligand, which was made by fluorination of 
CH3N(PC12), with SbF3 in a hydrocarbon solvent. The ob- 
served yield of 5 requires the presence of 0.2% HCl in the 
CH3N(PF2), ligand, certainly an impurity level that can escape 
detection by the NMR and mass spectrometry used to check 
samples of CH,N(PF,), before use. In a search for more 
rational preparations of 5, samples of [CH3N(PF2)2]3M02(C- 
O), andfuc-[CH3N(PF2),],Mo(C0), (3) were treated with 
excess HCl gas in acetonitrile solution. However, such re- 
actions led to complete decomposition with no evidence for 
the formation of significant quantitites of the brown-red 
compound 5 at any intermediate stage. This, no doubt, is just 
another example of the susceptibility of the phosphorus-ni- 
trogen bonds in aminophosphines to cleavage by strong acids. 

These experiments indicate that a mild source of stoichio- 
metric quantities of HCl is needed for the preparation of 5. 
In this connection reactions of fuc- [CH3N(PF2)2]2Mo(CO)3 

(4) with the HC1 sources [(C2H5)3NH]C1 and CH3CN-2HCl 
in stoichiometric quantities were investigated. The best yields 
of 5 were obtained from [CH3N(PF2)2]3M02(CO)5 and 
[(C2H5),NH]C1, a reaction that can have the following rela- 
tively simple stoichiometry: 
[ C H ~ N ( P F Z ) ~ ] ~ M ~ ~ ( C O ) ~  [(C&)3NHICl - 

be [CH3N(PF2)212Mo2(CO)3(PF2NHCH3)(PF2)(C1) ( 5 ) ,  

(PF2)212Mo2(CO)3(PF2NCH3)(PFz). 

(31, [CH,N(PF,),I 3Mo2(CO)5, and [CH,N(PF2)2] 4M02(CO) 3 

[CH3N(PF2) 21 2M02(CO) 3 (PF2NHCH3) (PF2) (c1) + 

Thus, the effect of the limited quantities of HCl in this reaction 
is rupture of one of the phosphorus-nitrogen bonds in one of 
the bridging CH,N(PF,), ligands in [CH3N(PF2)2]3M02(C0)5 
to form separate PF2 (bridging) and CH3NHPF2 (terminal) 
units. 

The spectroscopic properties of [CH3N(PF2),],Mo2(C- 
0)3(PF2NHCH3) (PF,)(Cl) are consistent with the structure 
(5) established by X-ray crystallography. The solution infrared 
spectrum exhibits three reasonably strong terminal v ( C 0 )  
frequencies consistent with an unsymmetrical tricarbonyl 
structure having only terminal carbonyl groups. The infrared 

(C,H,),N + 2CO 

0.31168 (1) 0.60040 (2) 
0.136 32 (1) 0.629 90 (3) 
0.313 35 (5) 0.82258 (8) 
0.142 85 (5) 0.847 22 (4) 
0.133 85 ( 5 )  0.413 69 (9) 
0.304 90 (5) 0.390 34 (8) 
0.207 79 ( 5 )  0.528 95 (8) 
0.389 93 (6) 0.50243 (10) 
0.242 69 ( 5 )  0.710 39 (9) 
0.365 34 (13) 0.933 22 (22) 
0.353 39 (12) 0.847 26 (23) 
0.106 75 (15) 0.975 30 (22) 
0.093 58 (13) 0.867 50 (24) 
0.095 87 (13) 0.404 28 (24) 
0.079 81 (12) 0.29860 (22) 
0.351 38 (12) 0.384 38 (22) 
0.343 63 (12) 0.256 05 (20) 
0.195 88 (11) 0.57935 (20) 
0.193 69 (12) 0.37273 (18) 
0.479 91 (16) 0.497 17 (48) 
0.383 49 (24) 0.342 64 (27) 

0.001 30 (14) 0.550 95 (30) 
0.479 95 (16) 0.665 92 (34) 
0.230 31 (15) 0.912 54 (25) 
0.217 42 (15) 0.324 81 (27) 
0.384 71 (20) 0.548 95 (37) 
0.045 24 (20) 0.689 19 (37) 
0.049 73 (18) 0.578 51 (34) 
0.42041 (21) 0.641 44 (37) 
0.234 01 (22) 1.051 98 (36) 
0.214 12 (24) 0.187 89 (38) 
0.435 60 (27) 0.497 15 (51) 
0.349 53 0.620 75 

.0.004 81 (17) 0.716 77 (32) 

0.841 34 (2) 
0.803 58 (2) 
0.775 77 (6) 
0.732 20 (7) 
0.876 72 (6) 
0.921 87 (6) 
0.709 49 (5) 
0.752 36 (7) 
0.952 57 ( 5 )  
0.845 01 (17) 
0.694 19 (16) 
0.768 66 (22) 
0.625 21 (17) 
0.96091 (15) 
0.814 98 (15) 
1.031 69 (13) 
0.895 52 (15) 
0.603 40 (12) 
0.680 28 (13) 
0.802 85 (18) 
0.734 60 (25) 
0.890 32 (20) 
0.616 90 (18) 
0.992 09 (23) 
0.731 41 (19) 
0.923 70 (18) 
0.645 60 (22) 
0.859 10 (25) 
0.686 21 (24) 
0.939 64 (26) 
0.689 47 (28) 
0.969 59 (28) 
0.588 46 (30) 
0.612 21 

The final coordinates of all atoms except the nine methyl hydrogen 
atoms are given in Table I. A table of anisotropic thermal parameters, 
a table of hydrogen atom coordinates, and a listing of observed and 
calculated structure factor squares with standard errors are available 
as supplementary material. 

Results 
Preparative and Spectroscopic Studies. The initial product 

from the reaction o~~uc-(CH,CN),MO(CO)~ (1) with CH,- 
N(PF,), is white, air-stable, volatile crystalline fuc-[CH,N- 
(PF,),],Mo(CO), (3), which was not observed in our earlier 
work3 in which olefin-metal carbonyl derivatives were used 
as the source of M(CO), moieties for reactions with RN(PF,), 
ligands. Nevertheless, we have now shown that reactions of 
(triene)Mo(CO), derivatives (triene = cycloheptatriene, q6- 
cyclooctatetraene) with excess CH3N(PF2)2 under mild con- 
ditions also givefuc-[CH3N(PF2),],Mo(CO), (3) as the major 
metal carbonyl product. 

The spectroscopic properties of fuc- [CH3N(PF2)2]2Mo- 
(CO), agree with the proposed structure 3. The infrared 
v(C0) s p t r u m  has the correct pattern for a fac-L,L’M(CO), 
derivative. The 6-cm-I splitting of the E mode arises from 
destruction of the C, axis of a simplefuc-L,M(CO), derivative 
by nonequivalence of L and L’ [here L = bidentate CH,N- 
(PF,), and L’ = monodentate CH,N(PF,),]. The presence 
of two nonequivalent types of CH3N(PFJ2 ligands is indicated 
most clearly by the proton and carbon-13 NMR spectra. In 
the former, the double doublet centered at 6 2.94 and the triplet 
centered at 6 2.75 can be assigned to the monodentate and 
bidentate CH,N(PF,), ligands, respectively, by comparison 
with the spectra of related compo~nds .~  Similarly, in the 
carbon-13 NMR spectrum the methyl resonances at 6 25.3 
and 29.1 can be assigned to the monodentate and bidentate 
CH3N(PF2), ligands, respectively. The carbon- 13 NMR 
spectrum also indicates the nonequivalence of carbonyl groups 
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Table 11. Bond Lengths (A)  in the Molecule of 
[CH,N(Pf;,), ] ,Mo,~CO)~(P€~,NHCH, )(Pl;2)(Cl) 15) 

Mo(l)-M0(2) 2.9750 (3) 
Mo(l)-Cl 2.5280 (8) Mo(2)-CI 2.5311 (8) 
Mo(l)-P(l) 2.3658 (8) M0(2)-P12) 2.3727 (9) 
Mo(l)-P(4) 2.3757 (8) M0(2)-P(3) 2.3630 (8) 
Mo(l)-P(5) 2.3283 (8) Mo(2)-P(5) 2.3297 (8) 
Mo(l)-P(6) 2.3500 (9) Mo(2)-C(l) 2.0746 (33) 
Mo(l)-C(3) 2.0572 (36) M0(2)-C(2) 1.9855 (33) 

P(1)-1'(2) 1.5668 (21) P(2)-F(4) 1.5544 (23) 
P(4)-L'(7) 1.5662 (19) P(3)-1'(5) 1.5614 (20) 
P(4)-b(8) 1.5712 (20) P(3)-P(6) 1.5671 (21) 
P(6)-k'(llj 1.5326 (27) P(5)-I'(9) 1.5743 (18) 
P(6)-F(12) 1.5738 (29) P(5)-I7(10) 1.5772 (18) 
P(l)-N(l) 1.6579 (26) P(2)-N(1) 1.6640 (26) 
P(4)-N(2) 1.6694 (26) P(3)-N(2) 1.6648 (27) 
P(6)-N(3) 1.5951 (30) C(1)-0(1) 1.1339 (38) 
Ci3)-0(3) 1.1221 (39) C(2)-0(2) 1.1424 (36) 
C(4)-N(1) 1.4964 (39) C(5)-N(2) 1.4985 (40) 
C(6)-N(3) 1.4771 (43) 
N(3)-H(N3) 0.96 

p(i)-r '(i) 1.5691 (21) P ( ~ ) - F U )  1.5599 (22) 

spectrum also exhibits a v(NH) frequency at 3430 cm-', close 
to the v(NH) frequency of 3435 cm-' found in [CH3(P- 
F,),],CO,(PF,NHCH~)~, which also contains terminal CH3- 
NHPF, ligands.I8 The carbon- 13 NMR spectrum exhibits 
methyl resonances at 6 27.6 and 25.7 that may be assigned 
to the CH3NHPF2 ligand and the two bridging CH3N(PF2), 
ligands, respectively, on the basis of their apparent relative 
intensities. The fluorine-19 NMR spectrum of 5 exhibits six 
resonances, all with doublet splittings in the range 1100-1200 
Hz corresponding to the )'J(P-F)I - 13J(P-F)I coupling con- 
stant (derived from the quantity "2K" in the l i t e r a t ~ r e ' ~  by 
realizing that 'J(P-F) and 3J(P-F) have opposite signs). The 
fluorine resonances centered at 6 -39.5, -41.2, -42.8, and -44.5 
can be assigned to the eight fluorines of the two bridging of 
CH,N(PF,), ligands, split into four pairs because of the 
relatively low symmetry of these systems; similar chemical 
shifts and coupling constants are observed for all of the fluorine 
resonances in [C3N(PF2)2]3M~2(CO)5, which necessarily be- 
long to bridging CH3N(PF2), ligands. The fluorine resonance 
in the NMR spectrum of 5 at -26.7 can be assigned to the 
terminal CH3NHPF2 ligand on the basis of the similarity of 
its relative chemical shift to that of the CH3NHPF2 fluorines 
in [CH3N(PF2),I3Co2(PF2NHCH,),. The lowest field fluorine 
resonance in the NMR spectrum of 5 at 6 6.7 may be assigned 
to the bridging PF2 group; a similar even lower field (6 24.8) 
fluorine resonance is found in (CO)Fe2(PF2NCH3) [p-CH3N- 
(PF2),I3(p-PF2), which also has a bridging PF2 group and a 
terminal unprotonated PF2NCH3 group." The phosphorus-3 1 
NMR spectrum of 5 is hopelessly complicated because of the 
large numbers of nonequivalent phosphorus atoms and possible 
phosphorus-fluorine and phosphorus-phosphorus coupling 
constants. 

The increased availability of [CH3N(PF2)2]4M02(CO)3 (4) 
by the new preparative method described in this paper has 
allowed us to measure its fluorine-19 NMR spectrum. The 
resonances centered at 6 -50.2 and -62.7 stand out by having 
splittings around 1300 Hz and can be assigned to the four 
fluorines in the chelating (biligate monometallic) CH3N(PF2), 
ligand, which are split into two pairs because of the asymmetry 
of 4. The observed phosphorus-fluorine coupling constants 
of 1274 and 1301 Hz for the two types of fluorine atoms in 
the chelating CH3N(PF2), ligand in 4 are close to the reported3 
IIJ(P-F)I of 1291 Hz for the chelating CH3N(PF2), ligand 
in CH3N(PF2),M0(CO),. The remaining six resonances (6 

(18) King, R. B.; Gimeno, J.; Lotz, T. J. Inorg. Chem. 1978, 17, 2401. 
(19) Lynden-Bell, R. M. Mol. Phys. 1963, 6, 601. 
(20) Newton, M. G.; King, R. B.; Chang, M.; Gimeno, J. J .  Am. Chem. SOC. 

1978, 100, 326. 

King, Shimura, and Brown 

Table 111. Angles (deg) in the Molecule of 
[ CH, N(PF,), ] ,Mo,(CO), (Pt:,NHCH3 )(PF2 )(CI) (5 )  

Mo(l)-Cl-M0(2) 72.04 (02) Mo(l)-Pi5)-M0(2) 79.39 (02) 
Cl-Mo(l)-M0(2) 54.03 (02) Cl-M0(2)-Mo(l) 53.93 (02) 
Cl-Mo(l)-P(5) 104.35 (03) Cl-M0(2)-PI5) 104.21 (03) 
CI-Mo ( 1 )-P( 1 ) 86.41 (03) CI-M0(2)-P(2) 
CI-Mo( 1)-P(4) 86.81 (03) Cl-M0(2)-P(3) 
Cl-Mo(l)-P(6) 173.26 (03) Cl-M0(2)-C(2) 176.36 (10) 
Cl-Mo(l)-C(3) 89.63 (10) Cl-M0(2)-C(I) 92.17 (10) 
P(S)-Mo(l)-P(l) 92.29 (03) P(5)-Mo(2)-P(2) 90.79 (03) 
P(5)-Mo(l)-P(4) 90.51 (03) P(5)-Mo(2)-P(3) 88.55 (03) 
P(5)-Mo(l)-P(6) 82.37 (03) P ( ~ ) - M o ( ~ ) - C ( ~ )  78.22 (09) 
P(S)-Mo( 1 )-C(3) 166.01 (10) P(5)-Mo(2)-C( 1) 163.08 (10) 
P(5)-Mo(l)-M0(2) 50.33 (02) P(5)-M0(2)-Mo(l) 50.28 (02) 
P(l)-Mo(l)-M0(2) 88.45 (02) P(2)-M0(2)-Mo(l) 89.17 (02) 
P(4)-Mo(l)-Mo(2) 88.52 (02) P(3)-M0(2)-Mo(l) 89.24 (02) 
P(l)-Mo(l)-P(4) 173.12 (03) P(2)-Mo(2)-P(3) 178.35 (03) 
P(l)-Mo(l)-P(6) 93.95 (03) P(2)-M0(2)-C(2) 88.34 (10) 
P(4)-Mo(l)-P(6) 92.64 103) P ( ~ ) - M o ( ~ ) - C ( ~ )  93.01 (10) 
P(6)-Mo(l)-M0(2) 132.69 (03) C(2)-Mo(2)-M0(1) 128.40 (09) 
P(l)-Mo(l)-C(3) 89.08 (10) P(2)-M0(2)-C(l) 93.76 (10) 
P(4)-Mo(l)-C(3) 89.72 (10) P(3)-Mo(2)-C(l) 87.30 (10) 
P(6)-Mo(l )-C(3) 83.65 (10) Cil)-M0(2)-C(2) 85.62 (13) 
C(3)-MO(l)-MO(2) 143.66 (10) C(l)-M0(2 )-Mo( 1 ) 145.95 ( 10) 

1"(7)-P(4)-1~'(8) 94.95 (12) t.t5)-P(3)-1-(6) 94.70 (13) 
I~'(ll)-P(6)-F(12) 93.41 (21) Ik(9)-P(5)-1'(10) 94.05 (11) 
Mo(l)-P(l)-N(l) 121.65 (09) M0(2)-P(2)-Nil) 120.47 (09) 
Mo(l)-P(4)-N(2) 121.10 (09) M o ( ~ ) - P ( ~ ) - N ( ~ )  121.05 109) 
l,.(l)-P(l)-MO(l) 116.19 (09) 1'(3)-P(2)-M0(2) 119.02 (10) 
1'(2)-P(l)-M0(1) 120.50 (09) 1'(4)-P(2)-M0(2) 117.86 (10) 
1,.(7)-P(4)-M0(1) 116.65 109) 1"(5)-P(3)-M0(2) 118.35 (10) 
1'(8)-P(4)-M0(1) 120.38 (08) 1'(6)--P(3)-M0(2) 117.75 (08) 
l'(l)-P(l)-N(l) 99.52 (13) 1'(3)-P(2)-X(l) 99.54 (13) 
I (2)-P(l)-N(I) 99.39 (13) I (4)-P(2)-N(l) 100.68 113) 
1"(7)-P(4)-N(2) 99.98 (12) l'(5)-P(3)-N(2) 100.12 (13) 
1,'(8)-P(4)-N(2) 98.79 (13) I'(6)-P(3)-N(2) 100.07 (13) 
P(l)-N(l)-P(2) 120.12 (15) P(3)-N(2)-P(4) 119.83 (15) 
P(l)-N(l)-C(4) 119.86 122) P(3)-N(2)-C(5) 119.94 (22) 
P(2)-N(l)-C(4) 120.01 (22) P(4)-N(2)-C(5) 120.21 (22) 
I,'( 1 l)-P(6)-Mo( 1) 11 5.85 (1 2) 1'(9)-P(5)-Mo( 1) 124.08 (08) 
1'(12)-P(6)-M0(1) 117.75 (1 1) 1'(9)-P(5)-M0(2) 120.48 (08) 
N(3)-P(6)-Mo(l) 123.20 (12) l'(lO)-P(5)-M0(1) 122.13 (08) 
N(3)-P(6)-1'(11) 103.36 118) Ib(lO)-Pi5)-M0(2) 119.71 (08) 
N(3)-P(6)-1,'(12) 98.01 (18) M0(2)-C(1)-0(1) 177.51 (33) 
Ci6)-N(3)-P(6) 125.58 (27) M0(2)-C(2)-012) 177.74 (29) 
H(N3)-N(3)-P(6) 123 Mo(l)-C(3)-0(3) 178.59 (35) 
C(6)-N(3)-H(N3) 11 1 

88.91 (03) 
89.78 (03) 

1 y 1 ) - ~ ( 1 ) - ~ 2 )  94.37 (13) W ) - P ( ~ ) - W )  94.48 (16) 

-24.8, -33.4, -35.9, -37.2, -39.8) can be assigned to the 12 
fluorine atoms of the three bridging CH3N(PF2), ligands in 
4. 

Structure of [CH3N(PF2)2]2M02(CO)3(PF2NHCH3)(P- 
F,)(CI) (5). The geometry of 5 is shown pictorially to scale 
in Figure 1; the details are specified by the bond lengths and 
angles in Tables I1 and 111, respectively, and in the description 
of various least-squares best planes included in the supple- 
mentary material. 

Although all of the different terminal and bridging ligands 
in 5 have been known in various combinations in transition- 
metal complexes, the particular combination in this quadruply 
bridged structure is unique. The combination of a bridging 
PF2 group and a terminal PF2NHCH3 group (with no H on 
the N atom) was already known from the X-ray analysis of 
the binuclear complex (CO)Fe2(PF2NCH3) [p-CH,N- 
( P F ~ ) ~ ] ~ ( P - P F ~ ) . ~ O  In the preparation of this iron compound 
and in that of 5, a CH3N(PF,), molecule cleaves to form two 
ligands. In compound 5 a C1 atom from HCl takes the place 
of one of the bridging CH3N(PF2), ligands in the iron complex, 
and its accompanying H atom is positioned on atom N(3) of 
the PF2NCH3 group. There is also an additional CO group 
on each metal atom. The bonding pattern, including the 
Mo-Mo bond, gives each Mo the effective atomic number of 
xenon. Presumably the ligand PF2NHCH3 is a two-electron 
donor to Mo( l), and the PF, group and the CI atom are both 
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three-electron donors, one donating one electron to Mo( 1) and 
two to Mo(2) and the other donating one to Mo(2) and two 
to Mo(1). The Mc-Mo distance, 2.975 A, is clearly a bonding 
distance, since the Mo-Mo bond in [(C5H5)Mo(CO),12, which 
is not supported by any bridging ligands, is known2' to have 
the considerably greater length of 3.235 (1) A. 
As is evident from Figure 1 and Table 111, for each Mo atom 

the coordination geometry is that of a slightly distorted oc- 
tahedron, if the Mo-Mo bond is excluded from consideration. 
The two octahedra share the edge defined by the Cl-P(5) line. 
The Mo-Mo bond approximately bisects the angles Cl-Mo- 
(1)-P(5) and Cl-Mo(2)-P(5), which at 104.4 and 104.2' are 
the angles in the octahedra that are distorted farthest from 
ideal 90° angles. 

The two Mo-Cl bond lengths, 2.528 (1) and 2.531 (1) A, 
are significantly greater than other M d 3 1  bridge bond lengths 
that have been reliably determined (cf. 2.465 (1) - 2.499 (1) 
8, in [Mo2Cl8HI3- ions of three c o m p ~ u n d s , ~ ~ , ~ ~  2.487 (12) A 
in C S , M O , C ~ ~ , ~ ~  2.467 (3) A in 2.478 (8) A in 
(C,H,NH),[ (Mo~C~,S)C~ , ]~~) .  In all of these other binuclear 
Mo complexes the bridging chlorine atoms are trans to other 
chlorine atoms, whereas in 5 the bridging chlorine is trans to 
the C(2)-0(2) carbonyl ligand and to the PF2NHCH3 group. 

The Mo(2)-C(2) bond length, 1.986 (3) A, is distinctly 
shorter than the Mo( 1)-C(3) and Mo(2)-C( 1) lengths, 2.057 
(4) and 2.075 (3) A. The relative shortening is clearly related 
to the fact that the C(2)-0(2) carbonyl is the only one of the 
three carbonyl ligands that is not trans to another strong 
a-acceptor ligand (CO or PF,). Since the ligand PF2NHCH3 
is, like the C(2)-0(2) group, trans to the bridging chlorine, 
the bond Mo(1)-P(6) might also be expected to be notably 
short compared with the other Mo-P bonds; but it has the 
length 2.350 (1) A, slightly shorter than the Mo-P bonds to 
the CH,N(PF2), ligands and slightly longer than the Mo-P 
bonds to the bridging PF2 group. We consider that the 
tendency toward shortening arising from the trans position of 
P(6) relative to the C1 bridge is compensated by a reduction 
of a acidity of P(6) relative to that of the other P atoms 
because P(6) uses a-bonding capacity in forming the bond 
P(6)-N(3), which from its bond length of 1.595 (3) has 
about the same double-bond character as the corresponding 
P-N bond in the terminal PF2NCH3 ligand of the complex 
(CO)Fe(PF,NCH,) [p-CH,N(PF2),],(p-PF2). The latter P-N 
bond, 1.59 (1) A, is formally a double bond. Thus, the 
structure F2P-=+NHCH3 is apparently a major contributor 
to the resonance hybrid of the ligand PF2NHCH3. 

The average length 1.664 8, of the P-N bonds in the 
CH,N(PF,), ligands is distinctly less than the value 1.76-1.80 
8, expected from the sum of the covalent radii,27,2s suggesting 
that these bonds also have substantial double-bond character. 
That the latter is true is also suggested by the fact that each 
N atom of the two CH3N(PF2), ligands has essentially exact 
trigonal-planar valence geometry. Atoms N( 1) and N(2) are 
displaced only 0.006 (3) and 0.012 (3) A from the planes of 
their attached P and C atoms, and the valence angles at N( 1) 
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Adams, R.  D.; Collins, D. M.; Cotton, F. A. Inorg. Chem. 1974, 13, 
1086. 
Bino, A.; Cotton, F. A. J .  Am. Chem. SOC. 1979, 101, 4150. 
Bino, A,; Bursten, B. E.: Cotton, F. A,; Fang, A. Znorg. Chem. 1982, 
21, 3755. 
Saillant, R.; Jackson, R. B.; Streib W. E.; Folting, K.; Wentworth, R.  
A .  D. Inorg. Chem. 1971, 10, 1453. 
Schafer, H.; von Schnering, H.-G.; Tillack, J.; Kuhnen, F.; Wohrle, H.; 
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Figure 2. Proposed scheme for the reaction offac-(CH,CN),Mo(CO), 
with CH3N(PF2)2. 

and N(2) are all within one standard error of 120'. The 
roughly positioned atom H(N3) is 0.07 A from the plane of 
P(6), N(3), and C(6). 

For describing the shape of the fused-ring structure in 5, 
the best least-squares planes were calculated for various ap- 
proximately plane groups. The maximum deviations (A) from 
the planes are as follows: 0.0086 (3) for the group Mo(l), 
Mo(2), C1, P(5) (plane a); 0.034 (1) A for Mo(l),.Mo(2), 
P(1), P(2), N(l)  (plane b); 0.048 (1) for Mo(l), Mo(2), P(3), 
P(4), N(2) (plane c); 0.094 (1) for Mo(l), Mo(2), P(1), P(2), 
P(3), P(4), N(l) ,  N(2) (plane d). The interplane angles a-b, 
a-c, a-d, and b-c are 92.66 (3), 90.42 (3), 91.06 (3), and 3.09 
(4)O. 

The data above for planes b and c make it clear that the 
two five-membered rings are among the relatively few essen- 
tially planar five-membered rings including a metal-metal pair 
and a bis(phosphine) ligand that have had their structures 
determined.28J9 For 5 the shape parameters 4, p,  and D(P-.P) 
used by Schubert et al.2s in discussing such rings are 2.65 (3)O, 
1.71 (15)O, and 2.879 (1) A for the ring including N (  1) and 
3.24 (3)O, 3.23 (18)O, and 2.885 (1) 8, for the ring including 
N(2). 
Discussion 

The experimental data described in this paper support the 
reaction sequence outlined in Figure 2 for the reaction of 
~uc-(CH,CN)~MO(CO), with CH3N(PF2)2. In the initial step 
the three acetonitrile ligands infuc-(CH3CN),Mo(CO), (1) 
are stereospecifically replaced by two CH3(PF2)2 ligands to 
form ~uc-[CH,N(PF,)~],MO(CO)~ (3). Since these two 
CH,N(PF,), ligands must occupy three coordination positions 
infuc-[CH3N(PF2)2],Mo(CO)3, one ligand must be bidentate 
and the other monodentate, in accord with the spectroscopic 
properties of this complex. The complex fuc-[CH3N- 
(PF2)2]2M~(C0)3 (3) next dimerizes to [CH,N(PF,),],- 
M o ~ ( C O ) ~  (4) with loss of half of its carbonyl groups. A 
driving force for the dimerization is the stability of the [C- 
H3N(PF2)2]3M02 unit having three five-membered chelate 
rings with the Mo-Mo edge in common. In this connection 
the cobalt chemistry of CH3N(PF2)2 appears also to be dom- 
inated by derivatives containing a very stable [CH,N(P- 
F2)2]3C02 

In the absence of an HCl source or excess CH3N(PF2), 
ligand the binuclear complex [CH3N(PF2)2]4M02(CO)3 (4) 

(29) Brown, G. M.; Finholt, J. E.; King, R. B.; Bibber, J. W.; Kim, J .  H. 
Inorg. Chem. 1982, 21, 3790. 

(30) Newton, M. G.; Pantaleo, N. S.; King, R.  B.; Lotz. T. J. J .  Chem. SOC., 
Chem. Commun. 1978, 514. 
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can be the ultimate product from the reaction between fuc- 
( C H 3 C N ) 3 M o ( C 0 ) 3  and CH3N(PF2)2.  However, in the 
presence of limited quantities of hydrogen chloride the course 
of this reaction can be diverted to [CH3N(PF2),12M02(C- 
O),( P F 2 N H C H 3 )  ( PF2) (Cl)  (5). In addition, [ CH,N(P-  
F2)2]4M02(CO)3 has been shown to react readily with excess 
CH3N(PF2),  around 100 OC with replacement of two of its 
three carbonyl groups by a CH3N(PF2),  ligand to give [C- 
H3N(PF2),] ,Mo2C0 (6). In the absence of X-ray crystallo- 
graphic structural data ,  we are  reluctant to  speculate on the 
structure of [CH3N(PF2),] ,Mo2C0. However, the presence 
of an  extremely low-field resonance a t  6 +43.6 (doublet, J = 
11 11 Hz)  in the otherwise very complicated f luorine19 N M R  
spectrum of this complex supports our earlier suggestion3 that 
[CH3N(PF2)2 ]5M02C0 has a bridging PF2 group like [C- 

(CO)Fe2(PF2NCH3) [p-CH3N(PF2)2]3(p-PF2),20 which also 
have relatively low-field fluorine- 19 resonances. 

H3N(PF2)21 2M02(CO)3(PF2NHCH3) (PF2) (c1)  (5) a n d  
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Synthesis, Spectroscopic Characterization, and Magnetic Properties of Unusual 
3,5-Dialkyl- 1,2,4-triazole Compounds Containing N-Bridging Isothiocyanato Ligands. 
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The synthesis and characterization of a series of unusual trimeric and polymeric coordination compounds containing 
3,5-dialkyl-l,2,4-triazoles are described. The compounds have the general formulas M3(LH)6(NCS)6(H20)2 (M = Mn2', 
Co2+, Ni2'; LH = 3,5-dimethyl-1,2,4-triazole and 3,5-diethyl-l,2,4-triazole), Zn(NCS)(L-) (L- is the deprotonated ligand 
LH), and Cd(NCS),(LH). The Zn and Cd compounds are polymeric, containing bridging triazole ligands and (bridging) 
thiocyanato ligands. The Mn, Co, and Ni compounds are mutually isomorphous and contain the linear trinuclear unit 
(NCS)z(LH)M(LH)2(NCS)M(LH)2(NCS)M(LH)(NCS)2, as deduced from a single-crystal X-ray analysis of the compound 
with M = Ni(I1) and the 3,5-diethyl derivative. The title compound crystallizes in the orthorhombic space group Pbca 
with a = 14.447 (8) A, b = 23.047 (8) A, and c = 18.613 (9) 8, and Z = 4. The structure was solved with use of Mo 
Kct diffractometer data and standard heavy-atom and least-squares refinement techniques. Final residuals are 0.058 ( R )  
and 0.063 (R,J. The trinuclear cations all have Ni(I1) atoms with a NiN6 chromophore (Ni-N distances are 2.02 (1)-2.18 
(1) A). The usual structural features are the N-bonding bridging NCS groups between the Ni(I1) atoms and the 1,2-bridging 
triazole ligands (two between each pair of nickel ions). The magnetic-exchange interactions between the metal ions are 
small but significant. The Mn and Co compounds are antiferromagnetically coupled, butsurprisingly-the nickel trimers 
are ferromagnetic. The results are discussed on the basis of the structure determined. 

Introduction 
Triazoles, and in particular 1,2,4-triazole, a re  versatile 

ligands that show a very interesting coordination chemi~t ry . ' -~  
After  deprotonation all three nitrogens have lone pairs 
available and coordination to metal ions through several modes 
has been observed. Unsubstituted 1,2,4-triazole is known to 
yield a chain-type structure through 1,2-bridging in CuC1,- 
( t r H )  ( t r H  = 1 ,2 ,4 - t r i a~o le ) .~  Changing the anion to NCS- 
has led to the discovery of a new class of two-dimensional 
structures, M(NCS)2( t rH)2 ,  with very interesting magnetic 

(1) Inoue, M.; Kubo, M. Coord. Chem. Rev. 1976, 21, 1. 
(2) Jarvis, J. A. Acta Crystallogr. 1962, 15, 964. 
(3)  Engelfriet, D. W. Ph.D. Thesis, State University Leiden, 1979. En- 

gelfriet, D. W.; Groeneveld, W. L.; Groenendijk, H. A,; Smit, J. J.; Nap, 
G. M. Z .  Naturforsch., A 1980, 35A, 115. 

(4) Reimann, C. W.; Zocchi, M. Acta Crystallogr., Sect. B: Strucr. 
Crystallogr. Cryst. Chem. 1971, 827, 682. 

(5) Vos, G.; le FZbre, R. A.; de Graaff, R. A. G.; Haasnoot, J. G.; Reedijk, 
J. J. Am. Chem. Soc. 1983, 105, 1682. 

pr0perties.j When the experimental conditions were changed, 
a second isomer was observed, which turned out to be t r i m e r i ~ . ~  
Prevention of the deprotonation a t  N(4)  by alkylation led Vas, 
to the discovery of a large group of dimeric and trimeric 
species, all having the M(Rtr) ,M or the M(Rtr) ,M(Rtr) ,M 
unit ( R t r  = 4-alkyl-l,2,4-triazole). 

The  use of thiocyanate anions proved to be useful in the 
above-mentioned studies, and in all cases N-bonded NCS- 
groups were found. Thiocyanate is known to be versatile and 
ambidentate in its coordination behavior,6 and many other 
modes of coordination have been reported. In our previous 
studies we found that bridging occurs between two Cd(I1) ions, 
using only the nitrogens of the NCS ions.' Because of the 
unusual bridging mode of NCS and our interest in the mag- 
netic exchange between transition-metal ions through small 

(6) Kabesova, M.; Gazo, J. Chem. Zvesti 1980, 34, 800. 
(7) Groevenveld, L. R.; Vos, G.; Verschoor, G. C.; Reedijk, J. J .  Chem. 
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