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Abstract 

Treatment of (NaXHMoafCO),,) with acidic sodium nitrite affords HMo,fCO),fNO) (1) in 32% yield. Several derivatives of 1, 
HMo,(CO),(LXNO) (2, L = PCy,; 3, L = PPh,; 4, L = P(p-C,H,OMe),J, HMoZ(CO),(L),(NOJ (5, L = PfOMe),; 6, L = PhIPHI, 

HMo,(CO),(MeNC),(NO,,) (7), HMo,(CO),(‘PrNC),(NO.,) (8). HMo,(CO),(PCy,)(“PrNCKNO) (91, and 

(NMe,XHMo,(C0),(71’-S,CNEtzXNO)) (lo), have been synthesized. X-ray crystal structural analyses for 1, 2, 6, and 9 were 

carried out. 1: triclinic, Pi, 2 = 1, a 6.810(2), h 6.906(3), c X.741(2) A, LY 103.50(2), /? 68.X5(2). y 92.04(2)“, V 372.3(2) Aa’, 

R = 0.020, R,= 0.025. 2: monoclinic, P2,/c, Z= 4, a 12.179(l), h 14.983(l), c 17.0$8(2) A, p 92.126@)“, V 3112.4(5) Aa, 
R = 0.035, R, = 0.041. 6: monoclinic, P2,/c, Z = 4, a 9.402(2). b 16.614(3). c 2j.635’3) A, p 92.58(3)“, V 3376(l) As’, R = 0.034, 

R, = 0.035. 9: orthorhombic, Pbca, Z = 8, a 17.113(7), b 17.715(2), c 22.954(3) A, V 6959f3) I?;‘. R = 0.036, Rw = 0.038. 

1. Introduction 

Transition-metal complexes with three-centre, two- 
electron (3c-2e) metal-hydrogen-metal bonds have 
attracted considerable interest [l]. From this class of 

compounds, dimeric complexes with a single hydrogen 
bridge [2*], HM,(CO);(M = Cr, MO, W) [3], HW,- 

(CO),(NO) [41, HM,(CO),(W, and HM,(CO),(I& 
(M = MO, W; L = phosphine) [5], have been extensively 
investigated. The structural variations of these com- 
plexes were found to be dependent on metal [61, coun- 
terion and crystal packing [7], and substituent ligands 

Bl. 
We previously reported the reaction of HW,(CO),- 

(NO) with various substrates, and isolated complexes 
of different structures [9-111. In order to probe the 
influence of the metal on the structure as well as the 
reactivity of dinuclear complexes containing a hydro- 

gen bridge, we have extended our study to 
HMo,(CO),(NO). In this paper, we describe the syn- 
thesis, structure, and reactivity of HMo,(CO),(NO). 

Correspondence to: Dr. J.T. Lin. 

* Reference number with asterisk indicates a note in the list of 

references. 
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2. Experimental section 

2.1. General procedure 

All manipulations were carried out under an atmo- 
sphere of N, using Schlenk techniques or a N,-filled 
glovebox. All solvents were dried and degassed by 
standard procedures. All column chromatography was 
performed under N, by use of silica gel (230-400 mesh 
ASTM, Merck) as the stationary phase in a column 2.5 
cm in diameter. Compounds (Na)(HMo,(CO),(NO)) 
[12] and Ph,PN’Pr [13] were prepared by published 
procedures. Elementary analyses were performed on a 
Perkin-Elmer 2400 CHN analyzer. Nuclear magnetic 
resonance spectra were obtained with a Bruker MSL- 
200 or AM-200 instrument. The ‘H and ‘lP NMR 
spectra were referenced to TMS and external 85% 
H,PO,, respectively. 

2.1.1. HMo2(CO),(NO) (1) 
To an aqueous solution containing (Na)(HMo,- 

(CO),,,) prepared in situ from 20.0 g (76.0 mmol) of 
Mo(CO), was added Na+NO; (22.0 g, 200 mmol). The 
solution was then chilled to 0°C and 6 M acetic acid 
was added dropwise with vigorous stirring. After the 
addition of acetic acid was complete, the resulting 
orange-yellow precipitates were washed with cold wa- 
ter (3 x 50 ml) and dried. Mo(CO), was removed from 
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the crude product by sublimation at 4oY‘. Recrystal- 
lization of the crude product from cold CHICl, 
(-20°C’) afforded 3.6 g (20”;) of orange crystalline 1, 

IR (CH?CI,, cm ’ ): v(CC)) Xbhsh. 305-k 1945~ 
1934sh; v(N0) 1735m. ‘l-1 NMK (c’D,(‘l~k H -- 12.3 
(s). Anal. Found: C, 22.60: H. ti..i(i: H, 3.19. 
C,HNO,,,Mol calcd.: C, 77.76: H, 0.21; N, 3.95C;. 

Reactions of 1 with PC’y;. PJ’h ;, I’( p-c‘,, H,OMejj, 
and P(OMe), a11 followed esacntially the s;ttn< procc- 
dure. Only the reaction of 1 with PC’y; will be de- 
scribed in more detail. 

Complex 1 (1.X g. 3.79 mmol) and J’c‘y: (1.1 g. 3.9 
tnmol) in 60 ml of CH ?Cl Z was stirred at room tempcr- 
ature for IO h and the solvent was removed undet 
\‘acuum. The crude product was chrom~ttogr;tphed. The 
yellow first band cluted with C.‘H,<‘l,/hcxcan~ ( 1 : 3) 
provided 0.68 g (25Y) of’ orange-yellow 2 after removal 
of the solvent. IR (CH.CI,. cm ~‘1: r/((U) ?OXXu, 
1063w. 20 136, IWXvs: -v(fiO) lir97m. ‘H NMR 

(acetone-rl,,): 6 X0-Ll.70 (tn. 3.iJl. Cy). 17.2 (~1, 
J(P-H) IX.0 Hz, IH. P-H). ” P{H} NMR (acetortc-(I,,): 
8 53.1 (~1. Anal. Found: C’, 42.57: H, 4.05: N. 7.hl. 
CZhH ;:NO,,PMo. calcd.: i‘. l’.O.?: tl. &7l: h;. l.hl’;. 

2. I..?. H.bfo,(CO~,,(Pl't~ ,)(A:Oi (3) 
Orange-yellow complex 3 was isolaced from the yel- 

low first hand (32“’ yield). IR (CH .c‘l,, cm ‘1: r)(CO) 
7094w, 2Oh5w. 7013s. 1933s: 14X6) 1698m. ‘t-1 NMR 
(acetone-d,,): ci 7.65-7.52 (m, l5t-I, Ph), ~~ il.5 Id. 
./(P-H) IX.0 1-1~. I H. j_~-l-J). “P(H) NMR (~ctonc-d,): 
ii 35.1 (s!. Anal. Found: C. 43.86; H. 7..:9: N. 1.94. 
C,,,H,,,NO,,PMo, calcd.: C. -Lk.O?: t1. ?.a??: “d. 1.07’;. 

21.3. lii~~~~,jC’Ol,(l~(p-c‘, H,(M~).)(h'01 id, 
Orange-yellow powdery 4 was obtained from the 

yellow first band (245). IR (C‘H .Cl,. cm ’ ): u(CO) 
2083~. 2063~. 7019s, 1915~s: L’(NC)I i7(lOtn. ! i-1 NMR 
(acetone-d,,): 6 7.36-7.04 (tn, IX, Ph). 3.84 ii, AH, 
OMe), - I I .5 (d. .i( J’- t-f) 16.0 Hz. 1 H. /*-IH ). .” P( H} 
NMR (acetone-d,,): ii 3h.8 IS). .4nal. Found: C‘, 45.76: 
H. 3.53; N, 1.93. (‘,,,H.,NO,,J’Mo. caicd.: C‘. 45.51~: 

-- H. 3.37; N. 1x7’;. 

From column chromatography three bands wcrc 
eluted with CJ-IICl,/hcxane C I : 3). The ~cllow first 
band was found to he HMo,(CO),(P(OMc).:)(NC)). The 
second band was not characterized. J’he yellow third 
band provided 5 after removal of the solvent. JR 
(CH,CI,, cm ‘j: rt(CO) 207On, 703lm. I99l5. 19.1%~; 
v(NO) 1670m. ‘J-I NMK (acetone-t/,,): ii 3.81 (s. ,liP--I-l) 
11 .O Hz, hH. OMe). -- 12.1 Ct. </(P--H) 20.:: HI. IH, 

p-H). “P{H} (acetone-rl,, 1: (5 C9.S (s!. Anal. Found: (‘. 
73.08: H. 2.84; N. ‘._30. (“,:H:,,NO,,J’~Mo~ calcd.: (‘. 
?.?.ll: J-J. ‘.,?I‘: N, ‘. l(l“1. 
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NMR (acetone-d,): 6 87.0 (s). Anal. Found: C, 45.83; 

H, 4.96; N, 1.67. C,,H,,N0,PMo2 calcd.: C, 45.32; H, 
5.30; N, 1.83%. 

2.1.10. (NMe,)(HMo,(C0),(772-S,CNEt,)(NO)) 

(10) 
Tetrahydrofuran (30 ml) was added to a mixture of 1 

(250 mg, 0.53 mmol) and Na+S,CNEt; (130 mg, 0.58 
mmol) and the solution stirred at room temperature 
for 2 h. The solvent was removed in c’ucuo and to the 
residue was added an aqueous solution (O’C) of 
Me,N+Cll (66 mg, 0.60 mmol) with vigorous stirring. 
The orange-yellow precipitates formed were washed 
with Hz0 (3 x 20 ml) and dried. Complex 10 was 
obtained in 26% yield. IR (CH,Cl,, cm-‘): v(C0) 
2058w, 2041m, 2001s 1947~s 1881m; v(N0) 1630m. ‘H 
NMR (acetone-d,): 6 3.76 (t, J(H-H) 6.2 Hz, 6H, 
CH,), 3.06 (s, 12H, NMe,), 1.20 (q, 4H, CH,), -12.2 
(s, lH, p-H). Anal. Found: C, 28.33; H, 3.71; N, 7.13. 
C,,H,,N,O,S,Mo, calcd.: C, 28.96; H, 3.59; N, 7.05%. 

2.2. Crystallographic studies 

Crystals of HMo,(CO),(NO) (1) were obtained by 
cooling a concentrated solution of the complex in 

toluene at - 80°C while HMo,(CO)&PCy,)(NO) (2) 

HMO,(CO),(Ph,PH),(NO) (6), and HMo,(CO),(P- 

TABLE 1. Crystal data for compounds 1, 2, 6, and 9 

Cy,)(“PrNC)(NO) (9), were obtained by cooling a con- 

centrated solution of the complex in CH,Cl,/hexane 
(1 :5) at -5°C for several days. Crystals were mounted 
in thin-walled glass capillaries. Diffraction measure- 
ments were made on an Enraf-Nonius CAD-4 diffrac- 
tometer by use of graphite-monochromated MO Ka 
(A = 0.7107 A) in the 8-20 scan mode. Unit cells were 
determined from 25 centred reflections in the suitable 
20 range. Other relevant experimental details are listed 
in Table 1. Absorption corrections based on !l’ scans of 
three reflections were applied. All the data processing 
was carried out on a Micro VAX 3600 using the NRCC 

SDP program [14]. The coordinates of molybdenum 
atoms were obtained from Patterson syntheses. The 
coordinates of all the remaining atoms except hydrogen 
atoms were obtained from a series of structure factor 
calculations and Fourier syntheses. The structures were 
refined by minimizing Cw( I F, I - I F, Ij2, where w = 
l/cr(F,)’ was calculated from the counting statistics. 

The atomic scattering factors f0 and the anomalous 
dispersion terms f’, f” were taken from ref. 15. All 
nonhydrogen atoms were refined anisotropically. The 
position of the bridging hydrogen atom was located 
from the final difference Fourier maps for 1, 2, and 6 
and refined. Other hydrogen atoms pere included in 

idealized positions with d(C-H) 0.98 A. The final posi- 

1 2 6 9 

C,HNO,,,Moz Cz,Hs,NW’Mo, C,,H,,NW’,Mo, C,,H,,NAWMo, Formula 

Formula weight 

a (A, 

b & 

c (A, 

a (“) 

p (“I 

y (“) 
Crystal system 

Space group 

Z 

v (As’, 

o,,,, (g/cm3) 
Crystal size (mm) 

Radiation 

+ (mm-‘) 
Transmission factors (max; min) 

20 range 

Octants 

No. of unique reflections 

Reflections with I > na 

No. of variables 

R; Rw 
GOF 

max A/u 

474.99 

6.810(2) 

6.906(3) 

8.741(2) 

103.50(2) 

68.85(2) 

92.04(2) 

triclinic 

Pi 

372.3(2) 

2.119 

0.43 x 0.31 x 0.25 

MO Ka (A = 0.7107 A, 

1.69 

1 .oo; 0.88 
O-50 

f h. +k, *I 

-8-80-S -10-10 

1315 

1215 (n = 2) 

101 

0.020; 0.025 

1.57 

0.001 

724.41 

12.179(l) 

14.983(l) 

17.068(2) 

92.126(8) 

monoclinic monoclinic 

P2,/c P2,/c 
4 4 

3112.4(5) 3376(l) 

1.552 1.557 

0.31 x 0.25 x 0.14 0.39 x 0.08 x 0.17 

same 

0.88 

1.00; 0.90 

o-45 

+h, +k, +I 

- 13 - 13 0 - 16 0 - 18 

4053 

299 (n = 2) 

356 

0.035; 0.041 

1.56 

0.008 

same 

0.86 

1 .OO; 0.96 

o-45 

kh, +k, +I 

-10-100-170-23 

4396 

2392 (n = 2) 

409 

0.034; 0.035 

1.23 

0.169 

791.35 

9.402(2) 

16.614(3) 

21.635(3) 

92.58(3) 

768.51 

17.113(l) 

17.715(2) 

22.954(3) 

orthorhombic 

Pbca 

8 

6959(3) 
1.467 

0.31 x 0.32 x 0.63 

same 

0.79 

1.00; 0.86 

o-45 

+h, +k, +l 

0 - 18 0 - 19 0 - 24 

4551 

2558 (n = 2) 

379 

0.036; 0.038 

1.44 

0.014 
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TABLE 2 (continued) 

Atom x Y z B 1x1 

Cl1 0.2661(Y) 0.0290(12) 1.0989(7) 20.3( 15) 

Cl2 0.3020(X) 0.0236(9) 1.1483(S) 13.3(10) 

c21 0.5645(4) 0.1722(4) 1.1822(3) 4.0(3) 

c22 0.5 179(4) 0.0992(4) 1.1884(3) 4.9(4) 

c23 0.5497(6) 0.04X6(4) 1.2358(4) 6.4(5) 

C24 0.6355(6) 0.0333(6) 1.2284(43 7.5(6) 

C25 0.6818(5) 0.1056(5) I .2240(4) 6.4(5) 

C26 0.6524(4) 0.1560(4) 1.1758(3) 4.9(4) 

c31 0.4258(4) 0.2558(4) 1.1493(3) 4.2(4) 

C32 0.4177(5) 0.2877(S) 1.2107(3) 5.2(4) 
c33 0.3323(S) 0.2935(6) 1.22X6(3) 7.1(5) 

c34 0.2817(5) 0.3296(6) 1.1873(4) 6.6(5) 

c35 0.2905(S) 0.3000(5) 1.1266(4) 6.0(5) 

C36 0.3743(5) 0.2959(6) 1.1079(3) 6.W) 

c41 0.5875(4) 0.3 179(4) 1.1271(3) 4.4(4) 

C42 0.6039(5) 0.3535(4) 1.1866(3) 5.1(4) 
c43 0.6673(S) 0.4139(5) 1.1818(4) 6.5(S) 
c44 0.6510(6) 0.4715(S) 1.1354(4) 6.7(5) 
c45 0.6321(6) 0.4364(5) 1.0784(4) 6.9(5) 

C46 0.5676(5) 0.3783(4) 1 X)834(4) S.7(5) 

tional parameters for the atoms are listed in Table 2. 
Selected interatomic distances and bond angles are in 

Table 3. 

3. Results and discussion 

There has been only one brief report on the Raman 
spectroscopy of HMo,(CO),(NO) (1) [161. We were 
able to synthesize 1 on a large scale (32%) from 

Na+HMo,(CO);, and acidic Na+NO;, procedure sim- 
ilar to that for the preparation of HW,(CO),(NO) [4bl, 
except that acetic acid has to be added very slowly, and 
the reaction as well as the recrystallization have to be 
performed at temperatures below 0°C. The compound 
can be handled only briefly in air and is best stored 

below 0°C. 
Similar to the reaction of HW,(CO),(NO) with 

phosphines [9], complex 1 reacts with phosphines or 
phosphites to afford HMo,(CO),(L)(NO) (2, L = PCy,; 
3, L = PPh,; 4, L = Ptp-C,H,OMe),) and HMO,- 
(CO),(L),(NO) (5, L = P(OMe),; 6, L = Ph,PH). Due 
to extensive decomposition of 1 in CH,Cl,, more than 
four equivalents of L have to be used in order to obtain 
a reasonable quantity of HMo,(CO),(L),(NO). Due to 
the steric congestion of PCy, (cone angle 170” [17]), 
complex HMo,(CO),(PCy,),(NO) could not be ob- 
tained even if large excess of PCy, was used. 

The extremely air sensitive HMo,(CO),(THF),- 
(NO,,) (NO resides on the equatorial site) [18 *I was 
isolated from the reaction of HMo,(CO),(NO) (1) with 
THF in a crude yield of 70%. The compound was 
found to be a useful precursor to disubstituted deriva- 

tives of 1, such as 6 (60%), HMo,(CO),(MeNC),(NO,,) 
(7, 53%), and (NMe,)(HMo,(C0),(T2-S,CNEt,)) (10, 
26%). It is interesting to note that treatment of 1 with 

S,CNEt; in CH 2C12 does not lead to the formation of 
10. Nucleophilic attack of phosphinimines [I91 at 1 
occurs readily and leads to deoxygenation of carbonyl 
ligands. Complex HMoz(CO),(‘PrNC),(NO,,) (8) was 
synthesized from I and two equivalents of Ph,PN’Pr in 
35% yield. We were also able to isolate complex 

HMo,(CO),(PCyJ”PrNC)(NO,,) (9) (27%) from the 
reaction of 2 with Ph,PN”Pr. 

Most of the derivatives of 1 were obtained in low to 
moderate yields due to extensive decomposition of 1 
during the reaction. The reaction temperature has to 
be above 0°C in order to achieve a decent concentra- 
tion of HMo,tCO),(NO) in CH,Cl,. Unfortunately, 
rupture of the dimer occurs even in common non-coor- 
dinating solvents, and M(CO), is the only detectable 

decomposition product. Whereas less than 10% of 
HW,(CO),(NO) decomposes after 24 h in CH,Cl, at 
room temperature based on IR and ‘H NMR spectra, 
the lifetime of 1 under similar conditions is less than 4 
h. The chemical reactivity of 1 also appears to be 
higher than that of HW,(CO),(NO), in accordance 
with the general trend observed for the second and 
third transition series elements of a given group [19]. 

The spectroscopic properties for complexes l-10 
are consistent with their formulation. They have in- 
frared spectral patterns very similar to those of the 
corresponding tungsten analogues [O-11] in the CO 
and NO stretching regions, suggesting that molybde- 
num and tungsten congeners have similar structures in 
solution. The chemical shifts of the hydrides in the ‘H 
NMR spectra are consistent with the existence of a 
MO-H-MO linkage [20]. The two phosphorus atoms in 
5 and 6 appear to be magnetically equivalent, based on 
the “P NMR spectra. Complex 7 has its NO in equato- 
rial position and thus two magnetically inequivalent 
MeNC ligands. 

3.1. Molecular structures of HMo,(CO),(NO) (I), 
HMoz(CO),(PCy,)(NO) (2), HMo,(CO),(P(p-C, H,- 
OMe),),(NO) (6), and HMo,(CO),(PCY,~)(“P~NC)- 
(NO) (9) 

ORT‘EP drawings of complexes 1, 2, 6, and 9 are 
shown in Figs. l-4. Important interatomic distances 
and angles are listed in Table 3. 

A 50-50% packing disorder involving the axial NO 
and CO groups generated the appearance of a symmet- 
ric MO-H-MO bond for 1. Bau [4b] analysed metal- 
carbon and metal-nitrogen bond distances in mixed 
carbonyl nitrosyl complexes [211 as well as compounds 
of the type M(CO),X [22] where X is a poorer charge 
acceptor than the carbonyl groups, and concluded that 



Mof I J-C-( I ): Mo -CC I) 

Mof I )kCfZ!); MO- (‘(7) 

Mo( I r-<‘(3): hlo-(‘(3) 
Md I )kC‘(4); MO C‘(4) 

Mo( I ) (‘(5 I 

hloi7)-(‘(0) 

MOBS’ 
hlO(2)k <‘(HI 
hlO(2)L(‘(‘~) 
Mot?)- P 
Mo(2)- P( I ) 
Md7)k P(3) 
MO(Z) --N: MO-- NC‘/\ 
Mo(7)bW( I ) 
Mo(lbH: MO-II 
Mo(7) -II 
(‘(I) X)( 1 i 
C(‘)bO(‘) 
(‘(3)kO(i) 
<‘(1)~~0(3) 
(Y5)&0(5) 
U6)bO(h) 
C‘(7) O(7) 
C(S)LO(li) 
‘v--O(‘)) 
LO(S) 
NC-0 

Mo( I I-(‘( I )LO( I 1 
Mo(l )- <‘(2)-C)(7) 

Mo( I )- (U-O(3) 

Mdl )-C(1) O(4) 

,v0(l)-~c(5)~oci) 

Mo(7)-(‘(Of O(h) 

Mo(7)-C‘(?) ()(;I 
Mo(?)-(‘(Si O(S) 
Mo(2)-NC1 I--(X81 

hlo-NC‘- 0 

(‘(I)-MO(l)-CY?) 

(I I )bhlO( I) ~(‘(7) 

<‘(I)-%fO(l) -(‘(A) 

(‘(I)-hlo(l)-(‘(51 

C‘(2)--Mot I )- Nil 
<‘(3)&.MO( 1 Jo (‘(4) 
c‘(2)m-MI,( I I- Cl(i) 
C(3)- MlI( 1)~ (‘(1) 
C‘(?)~MO( 1 )k(‘(5l 
(‘(1) ~MO(l)L(YS) 
i’(h)- M<)(7)-- C‘(7) 
(‘(h)~ Mo(7)m(‘(X) 
~‘(fJ)~!vf(!(ll)k~‘(~)~ 
UC,)- hlo(2) ii 
C‘(O)- h+<d2)~-Nt I ) 
(‘(h-Mo(3)bf 
C’(h)-blo(T)- I’( I) 
C(h)bMo(2) l’(2) 
C’(7)-hlo(?~~ (‘(8) 

C‘(7)-hlo(7~- I’ 

(‘(7)~ Mo(2) N 

C‘(7)-Mo(?)Kc 11 

l.wi(11 

00 h( t ) 

I 7x f,( I ) 

sx 7(l) 

I SO4 i ) 
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TABLE 3 (continued) 

1 2 6 9 

CU-Mo(2)-P(l) 

CUpMo(2)-P(2) 

CU-Mo(2)-C(9) 

C(8)-MO(~)-P 

C(8)-MO(~)-N 

C(9)-MO(~)-N(1) 

P(l)-Mo(2)-P(2) 

N-Mo(2)-P 

NC-MO-C(I) 

NCMooC(2) 

NC-MO-C(~) 

NC-MO-C(~) 

MO(~)-H-MO(Z) 

92.1(3) 

169.7(2) 

172.4(3) 

91.0(2) 

93.1(3) 

91.X2) 

88.61(7) 

91.4(l) 

89.9(l) 

90.9(l) 

91.3(l) 
131(3) 132(3) 

95.6(3) 

Fig. 1. OKTEP drawing of HMo2(CO),(NO). Thermal ellipsoids are 

drawn with SO% probability boundaries. 

Fig. 2. ORTEP drawing of HMo,(CO),(PCy,XNO). Thermal ellipsoids Fig. 4. ORTEP drawing of HMo,(CO),(PCy,K”PrNC)(NO). Thermal 

are drawn with 50% probability boundaries. ellipsoids are drawn with 50% probability boundaries. 

Fig. 3. ORTW drawing of HMo&CO),(Ph,PH),(NO). Thermal ellip- 

soids are drawn with 50% probability boundaries. 
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