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Dimethylamine reacts with RUDER to produce the $-hydrido-v2-form- 
amid0 cluster complex HRu,(OCN(CH,),)(CO),, (I). This formulation is consis- 
tent with spectroscopic features such as the absence df v(NH) in the infrared, 
the presence in the Raman of Y(Ru-H-Ru) at 1400 cm-’ (v(Ru-D-Ru) at 

990 cm-‘) and indication in the ‘H NMR of diastereotopic methyl groups 
bonded to the nitrogen atom. Since these data could not lead to an unequivocal 
structure assignment a single crystal X-ray study at 115 K was undertaken. The 
complex crystallizes in the triclinic space group, Pi with cell dimensions; a 
7.299(33) Ai, b 9.5037(40) A, c 13.7454(57) 8, (Y 91_876(34)O, p 96.387(34)“, 
7 95.341(34)” and 2 = 2. The structure was solved by a combination of Patter- 
son and Fourier techniques and refined by full matrix least squares to a f&d 
R = 0.054 and R, = 0.074 for 3074 unique reflections_ The three ruthenium 
atoms define a triangle of unequal sides with both the hydride and formamido 
groups bridging the longest edge; the formamido group is coordinated through 
the carbon and oxygen atoms. The edge of the ruthenium triangle bridged both 
by the hydrogen atom and the formamido group is .2.8755(15) A; the other 
two edges of the ruthenium triangle are observed to be 2.8319(15) and 
2.8577(14) A, respectively. In the formamido group the distances C-O 
l-287(9) d and C-N 1.340(10) A reflect partial double bond character in each 
bond consistent with observation of two chemically distinct methyl groups on 
the dinitrogen atom. The hydrogen atom bridging one edge of the ruthenium 
triangle is asymmetrically positioned at l-73(9) A from the ruthenium atom 
bonded to the oxygen atom and l-91(9) A from the ruthenium atom bonded 
to the carbon atom of the carboxamido group. 

* DedicatedtoProfenorHelmutBehrensontheoc~asionofhis65~~bbirthdayon May 30th.1980. 
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Introduction 

Earlier work in this laboratory has led to the isolation of a series of com- 
plexes illustrating the stepwise reduction of acetonitrile to a primary amine 
coordiuated on the face of a triiron cluster [la] _ In attempts to extend this to 
the congeners of iron, we were prompted to explore the reaction of RUDER 
with various amines containing hydrogen atoms on the carbon, i.e. aliphatic 
primary or secondary amines [lb]. The reaction between Ru,(CO)~~ and 
aniline had been studied in refluxing benzene [2]; two mol of CO are evolved 
with the formation of the amido-bridged complex, HRu3(NHPh)(CO)10. By 
contrast,inthereaction of RUDER withaliphatic primary orsecondary 

amines with excess amine as its own solvent or in other polar solvents, we dis- 
covered an extremely facile reaction which takes place beginning around 
-30” C accompanied by the evolution of only one mol of CO. The isolation and 
characterization of the product in the reaction of dimethylamine and Ru3- 
(CO),, is the subject of this study. 

Synthesis 
Dirnethylamin e and Ru,(CO),, are combined at -78O C. Upon warming (-30 

to 0” C) a blood red solution is produced accompanied by gas evolution. Volu- 
metric analysis of the gas within the first 15 minutes reveals this to be one mol 
equivalent (within 15%) and the mass spectrometric analysis of this gas indi- 
cates CO exclusively_ With passing time, the system slowly evolves more CO, an 
observation which we did not pursue further for the amine system *_ After ten 
minutes the blood red color of the solution is transformed to orange and 
stirring is continued for ten minutes more. Excess amine is then evaporated by 
warming to room temperature. An alternative procedure is to bubble the amine 
through an ether solution of RUDER for several minutes until all the ruthe- 
nium carbonyl is dissolved. The solvent and excess amine is then removed. 
Chromatography of this residue results in three bands; the first is identified by 
its carbonyl IR as unreacted RUDER (about 10 to 20 percent of the starting 
material). The second band represents the principal product of this investiga- 
tion_ This was identified by spectroscopic and structural studies as HRu3(0CN- 
(CHB)Z)(CO)10 (I) and is obtained in about 65% yield. Spectroscopic data are 
summarized in Tables l-3 and discussed in the next section. The crystallo- 
graphic study is presented immediately after. 

Recrystallization of I from hexane/dichloromethane affords moderately air 
stable redorange crystals. Mater-ii in the third band elutes from the column 
with great difficulty. It was not identified due to its low volatility and solubil- 
ity; a full-range IR spectrum was taken in KBr pellet; this spectrum is similar 
to that of I but with the bands of dimethylamme superimposed. We believe this 
to be a dimethylamine substituted derivative of I *. 

* From furtherstudiesof I withphospbineligand [lb] weknowanextremely facilesubstitution 

reaction can take place and the further evolution of CO from these complexes in neat amine most 
likely represents suca a substitution. 
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TABLE 1 

CARBONYL STRETCHING ABSORPTIONS FOR I AND RELATED COMPOUNDS 

Complex 

HR~~(GCN(CH~)~)(CWIO (I) 

Ru3(CG)1 lPPh3 

HRu3(N(H)Pb)(CG)lo 

Frequencies (cm-l) a Reference 

2101m. 2064s. 2051s. 2023~. 2016s. 1999m. This work 

1993vw. 1982w 

2097m. 2046s. 203O(sb), 2023(sb). 2014s. 199WsW. 3 

1986m. 1972(sb). 1960&b) 

2101m. 2064s. 2051s. 2026s. 2011s. 2003m. 2 

1996vw. 1980~ 

a Cydohexane solution. 

TABLE 2 

OTHER SPECTROSCOPIC DATA FOR HRu~(OCN(CH~)~)(CO)~O 

IR (cm-‘) a (for the O-CN<CHJ)~ group) 

RAMAN b (cm-l) 
lH NMR e (6, ppm) 

13~ NMR d (ppm rep. TMS) 

1514s. 1460m. 1412m. 1391s@r). 1379(sb). 
1357&h). 1252m 

v<Ru-H-Ru) 1400; v(Ru-D-Ru) 990 
2.52 (3H): 2.31 (3H): -13.78 (1H) 
206.6(0.6) a: 205.1(0.5) b: 203.3(0-S) c; 200.5(2) d; 
195.9(l) (J(‘3C--H)6.3 Hz) e: 194.3(l) (J(‘3C-H)- 

8.4 Hz) f; 192.0(1.8) g: 189.7(l) h: 184.3(l) i 

a KBr pellet. k Microc~stalline powder. c CgD6 solution (relative protons in parentheses). d CDC13 solu- 
tion (relative intensity and coupling constant. if any. in parentheses) letter identifies resonance for discus- 
sion in text. 

TABLE 3 

OBSERVED AND CALCULATED SPECTRA FOR HRu~(OCN(CH~)~)(CO)~~ (R = 6.8%) 

MXS Calculated Observed = Difference Measured 

641 0.01 0.0 

642 0.00 0.0 
643 0.01 0.0 

644 0.10 0.0 
645 . 0.12 0.0 
646 0.22 0.0 
647 0.57 0.0 
648 0.63 0.0 

649 1.32 1.79 

650 2.26 2.14 

651 2.79 3.22 
652 439 4.47 
653 6.10 5.93 
654 6.76 6.90 

655 9.81 9.76 
656 10.40 10.54 
657 10.98 11.26 
658 11.83 11.69 
659 9.81 10.08 
660 7.75 8.40 
661 7.03 7.22 
662 2.61 3.08 
663 3.20 3.54 
664 0.50 0.0 
665 0.74 0.0 
666 0.09 0.0 

667 0.02 0.0 

= Normal&ad to 100.0 total intensity. 

-Q.Ol 0 

0.0 0 
-0.01 0 

--o.lO 0 
-0.12 0 
-0.22 0 
-0.57 0 
-0.63 0 

0.47 50 

-0.11 60 
0.43 so 
0.08 125 

-0.16 166 
0.14 193 

-0.06 273 
0.14 295 
0.28 315 

-0.15 327 
0.27 282 
0.65 235 
0.19 202 
0.46 86 
0.34 99 

-0.50 0 
-0.64 0 
-0.09 0 

a.02 0 
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Spectroscopic characterization of I 
The mass spectrum of the product shows a parent multiplet centered around 

m/e 665. The calculated and observed intensities for the parent ion of I are 
listed in Table 3. These data are consistent with a trinuclear complex of overall 
formulation Ru~(CO)~~NH(CH&. An infrared spectrum of the carbonyl 
stretching region is given in Table 1. This is not consistent with known exam- 
ples of monosubstituted trimetal dodecacarbonyl complexes as may be com- 
pared with the carbonyl stretching frequencies in Ru3(CO)11PPh, ]3] listed in 
Table 1. Greater similarity is seen between the spectrum of I and that of HRuS- 
(NHPh)(CO),,, also listed in Table 1. The three bands at 2101,2064,2051 
cm-’ are virtually identical in these compounds while the other five bands 
differ in frequency by a maximum of only 5 cm-‘. This data is consistent with 
formulation of the product as an edge bridged decacarbonyl complex suggest- 
ing that the amine and one carbonyl group had combined into a formamido 
group. 

Precedent for the formation of formamido groups on metal complexes is ob- 
tained from the reactions of primary and secondary amines with mononuclear 
complexes [4-8]. This is supported by a very intense peak at m/e 73 in the 
lower mass range of the mass spectrum of I corresponding to the HC(O)N- 
(CH,),’ fragment. The structure containing such a unit is confirmed by X-ray 
crystallographic means (see below). 

The chemical shifts of the resonances in the ‘H NMR spectrum of I are given 
in Table 1. The presence of two nonequivalent methyl groups is indicated. This 
does not differentiate between two possible modes of bonding, A or B *. The 
nitrogen coordinated isomer B wollld give rise to two nonequivalent methyl 
groups due to different methyl environments on the chiral nitrogen atom. Iso- 
mer A would also exhibit two nonequivalent methyl resonances since partial 

Me 

Me\! //” 

,F,,,R u (CO), 

Me 

I 
N-Me 

_.9 
0-c 

(OC13Ru RuK013 
~/~~Ru(co)4 

‘HA 

<OC),R u Ru(C013 

‘ii/ 

(Ai (Bl 

double bond character in the C-N bond would lead to hindered rotation about 
that bond [9]. For the free ligand, NJV-dimethylformamide, two N-methyl 
peaks are observed up to 124°C ]lO]. 

Since the deuterated analog, DRu~(OCN(CH&)(CG)~~ could easily be ob- 
tained by reaction of RUDER with DN(CH&, location and assignment of 
the hydride band in the Raman spectrum was undertaken.. Due to the incom- 
plete deuteration of the amine, a mixture containing both DRu3(0CN(CH&- 
(CW,, and HRu3(GCN(CH,),)(CO) 10 is obtained. Incorporation of deuterium 
is enough however, to observe the metal-deuterium frequency_ The Raman 
spectra of I and the partially deuterated sample are shown in Fig. 1. The broad 



band at 1400 cm-’ in the hydrido complex is found to shift to about 990 cm-’ 
upon deuteration in a ratio v(H)/v(D) 1.414 close to that expected for the shift 
in frequency upon deuterium substitution. The position of the band falls within 
the broad range expected for a bridging hydride mode, 1600 to 900 cm-’ [ll]. 

The infrared absorptions associated with the formamido group listed in Ta- 
ble 2 are net at all straightforward to assign. In the first place the C-O 
stretching mode has been shifted through coordination to the metal from 1850 
cm-’ where it is observed in the free amides [12] directly into the region where 
the other amide frequencies (usually three in number) are expected [13]. Due 
to the rather complicated nature of this region, a separate study is underway to 
assist in the assignment of the bands [lb]. 

The 13C NMR data for I are listed in Table 2. The room temperature spec- 
trum indicates a relatively rigid structure for the molecule. The large number 
of 13C signals in the carbonyl region of the spectrum is expected since the pres- 
ence of the formamido group introduces an element of asymmetry into the 
molecule. Complete assignment of the individual peaks is not possible but some 
informationcan be obtained. 

Fractional values for the relative intensities of several of the carbonyl car- 
bons are indicative of the fact that the room temperature spectrum is not the 
limiting spectrum. A polytopal rearrangement of the carbonyl groups on the 
isolated RUG unit may be anticipated at room temperature similar to what 
has been observed in the structurally related derivative HRu~(COCH~)(CO)~~ 
(II) 1143. The resonances with the fractional relative intensities in I, namely a, 
b, and g may thus be assigned to the Ru(CO), unit with closely comparable 
chemical shifts: in II (ppm) 203.7,202.8,194.7,193.9 (limiting low tempera- 
ture spectrumj; in I, (ppm) 205.1,203.1,192.0 (room temperature). 

In the proton decoupled spectrum of I, ‘H-i3 C splitting is observed in two of 
the signals, e and f. This parallels coupling observed in two of the signals of II, 
i.e. 195.9 ppm, J(IH-13C) 5.2 Hz and 195.3 ppm, J(‘H--“C) 8.4 Hz 1143. 
Apparently the carbon atom of only one of the three carbonyls on each of the 
two RUG groups adjacent to the hydrogen-bridged edge are sufficiently 
coupled to the hydrogen atom to show splitting_ The similarity of this feature 
in I and II suggests similarity in the structural environment of the bridging hy- 
drogen atom, as confirmed in the structure study below *_ 

Resonance c in I at 203.3 ppm appears somewhat broadened in the proton 
coupled spectrum and is thus tentatively assigned to the formamido group car- 
bon atom; we anticipate some broadening due either to the quadrupole interac- 
tion with the nitrogen atom or to weak coupling to the hydrogen atoms of the 
methyl groups on nitrogen. Although resonance c falls within the range 
expected for carbenoid carbon atoms 115,161 structural data (discussed below) 
does not favor a significant participation of such a bonding representation in 
the C(formamido) to Ru bond. 

* The C(carbonyl)-Ru--II anties in II are observed as (deg): 85.3.93.6 and 171.2 <on Ru<l)) and 
87.2.88.5 uld 174.7 (on Ru(2)) C141. In the present study we find the values (deg): 75.0.99.0 
and 168.2 <on Ru<l)) and 86.6.90.4 and 173.1 <on Ru(2)). see Table 8. below. Due to the greater 
magnitude of coupling of substituents trots to hydrogen in hydride complexes Cl11 it is generally 
accepted that the carbony group at the angle closest to 180’ to the bridging hydrogen atom is the 
one responnble for the 13C-Ei coupling observed. 
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Since none of the spectroscopic data could lead unequivocally to a structure 
assignment, an X-ray study of a single crystal of I was undertaken. 

Experimental 

Synthesis 
Solvents and reagents were commercial reagent grade and were used without 

further purification unless otherwise noted. RUDER was purchased from 
Strem Chemical Co.. Reactions and handling of the compounds were all done 
under nitrogen using Schlenkware techniques though most of the compounds 
have since been determined to be reasonably stable to air. As solids they have 
been stored in air at room temperature for several months with only small 
amounts of decomposition observed. Chromatographic separation on Silica Gel 
60 (70 to 230 mesh) 1 in. X 12 in. column was done in air. 

Reaction of Ru3(C0)12 with HN(CH3), 
Method 1. Triruthenium dodecacarbonyl(O.120 g, 0.188 mol) was ground to 

a fine powder and placed in a Schlenk flask. After evacuation, an excess of HN- 
(CH,), was condensed into the flask at -78°C. Upon warming (-30 to 0°C) 
the solution turned blood red in color with evolution of gas. After several min- 
utes of vigorous stirring the red solution turned to a final orange color. Stirring 
was continued for 10 minutes. Evaporation of the amine led to a red-brown oil 
which was extracted several times with 10 ml aliquots of acetone. The acetone 
solutions were combined, concentrated and chromatographed to give three 
bands. The first was eluted with hexane and proved to be Ru,(CO),,. Band 2 
was eluted with 10% dichloromethane in hexane and identified as the title com- 
pound, I; the third band eluted very slowly with 50% dichloromethane/acetone. 
The contents of this band were not characterized beyond full range IR due to 
low solubility and low volatility in the mass spectrometer. Yields of I by this 
method were variable and depended on the reaction time. Very long reaction 
time led to very low yields of both I and the materials in band 3 with an 
increase in the amount of decomposition product (i.e. a brown uncharacteriz- 
able tar). Recrystallizati+on from hexane/dichloromethane produced dark red 
crystals; yield: 0.066 g. Mass spectrometric data and a crys&llographic study 
(described below) indicated a formula of HRu~(OCN(CH~):.)(CO)~~ for I, 
representing 0.096 mmol and a yield of 52% based on Ru~I:CO)~~_ 

Method 2. Triruthenium dodecacarbonyl(O.190 g, 0.298 mmol) was sus- 
pended in diethyl ether. Dimethylamine was bubbled through the solution until 
alLthe RUDER had dissolwed. The resulting red solution was stirred under an 
atmosphere of amine for 10 minutes, whereupon the solvent and excess amine 
were then evaporated. The residue was chromatographed and the similar prod- 
uct distribution as in Method 1 was obtained. Lessdecomposition however was 
observed by this method and the yields were usuaIly higher. I was recrystallized 
from hexane/dichloromethane and yielded 0.144 g of dark red crystals. Yield: 
0.166 mmol, 56% based on RUDER_ 

Prepamtion of D/HRu3(OCN(CH3)z)(CO)10 
Triruthenium dodecacarbonyl(O.216 g, 0.339 mmol) was stirred in DN- 
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(CH,), (Lrepared by standard literature methods [ 173 ). Chromatography and. 
recrystahization afforded 0.104 g (0.152 mmol) of partially deuterated I. Yield 
45%. Raman studies showed that complete deuteration of I was not obtained. 
The amount of deuterium incorporated was sufficient for the Raman studies. 

Reaction of I with D,O_ An alternative route to the deuterated analog, DRu3- 
(OCN(CHs)z)(CW 1o was attempted in order to increase the amount of deuteri- 
urn incorporated into the chrster for the Raman studies. I was stirred in diethyl 
ether that had been saturated with D,O and distilled. Several drops of D20 
were then added to the Ru3(CO)1z/ether solution (0.119 g, 0.188 mmol) and 
the solution was stirred for 1 h at room temperature. A Ramau spectrum of the 
resulting crystals showed no observable incorporation of the deuterium. 

Preparation of 13C enriched samples of I. 0.397 g (0.621 mmol) of Ru3- 
(CO),, were suspended in 10 ml of THF and sealed in a thick-wahed glass tube 
under 500 mmHg 13C0. The tube was then heated at 80°C for 10 days and the 

I* 
25 cm 

ml 
gas sampling 

to vacuum 

amine 

reaction vessel 
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resulting enriched sample of Ru,(CO),, used to prepared 0.213 g I by method 
A. Yield: 0.310 mmol, 50% based on initial Ru~(CO)~~ (20% enriched). 

Gizs collection and analysis 
The apparatus used to collect samples of gas evolved from the reaction 

between RUDER and amine is shown in Fig. 2. RUDER was sublimed un- 
der high vacuum at 67’C for 36 h before using. 

General procedure. About 100 mg of RUDER was placed in the bottom of 
the reaction vessel. 1.5 ml of amine (previously dried over sodium) was con- 
densed into the flask. The reaction flask, sealed off from the rest of the vacuum 
line was warmed to room temperature with constant stirring. After 10 minutes 
the flask was cooled to -78” C and gas evolved from the reaction was collected. 
The procedure was repeated after 2 h and 20 h. The gas was analyzed by mass 
spectrometry and proved to be CO for each sample collected. 

Spectroscopic studies 

Vibrational spectroscopy 
Carbonyl infrared spectra were recorded on a Beckman IR-4 spectrometer 

with LiF cells and were calibrated against a cyclohexane reference at 2138.5 
cm-‘. Full range infrared spectra were recorded on Perkin-Elmer 521 spectro- 
meter in C&l4 solution using 0.5 mm NaCL cells or as KBr pellets and calibrated 
against a polystyrene reference at 1028 cm-‘. CSZ was found to be unaccept- 
able as a solvent since the compounds began to decomposing within an hour 
after mixing even under N1. 

The Raman spectra were taken on a Gary Model 81 Raman Spectrometer 
equipped with a Spectra-Physics laser. Scan time was set at 20 cm-’ per minute. 
Slit width was set at 10 cm-’ and path length at 10 cm. Double beam optics 
were used and only solid samples were run. The 400 to 3000 cm-’ region of the 
spectnun was scanned. A sloping base line was a persistent problem partially 
solved by recrystallizing and regrinding the sample. Decomposition due to sem- 
pie absorption was not observed. 

NMR spectroscopy 
13C and ‘H NMR were recorded on a Bruker 200 MHz Fourier Transform 

Spectrometer at 298 K and calibrated against internal standards. ‘H chemical 
shifts were measured relative to TMS (6 = 0). r3C chemical shifts were measured 
relative to the DCC13 signal and related to the standard, TMS, by: 6 = s(obs) + 
76.9. 

Mass spectrometry 
All mass spectra were obtained on an AEl-MS9 spectrometer using ionizing 

voltage of 70 eV and probe temperatures of 100 to 150” C, by Dr. K. Fang of 
this department. Calculated intensities for the mass spectra were obtained from 
the computer program MASPAN written by M.A. Andrews [18,19] _ 

X-ray study 
Collection and reduction of data. Red-orange crystals of HRu~(OCN(CH~)~)- 

(CO),, were grown from hexane/dicbloromethane at 0” C over a period of 
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TABLE 4 

CRYSTAL DATA FOR HRu~<OCN<CH~)~)<C~)~~ 

Space group: PI 
Temperature: 115 K 
22 
(I 7.2991<33) A = 
b 9.5037(40)~4 
c13_745&511 A 
V942_6(7) 
Based OP MO-K, 0.71069 I% 

0 91_876(34j= 
@96_387(34f 

y 95_341(34)O 

a The n-w= given in parenthesis here and h succeeding tables axe the estimated standard deviations in 

the least significant digits. 

several days. These were found to be both air and X-ray stable. A crystal of 
irregular dimensions determined suitable for intensity measurements was 
mounted on a Syntex Pi automated diffractomator with scintillation counter 
and graphite monochrometer. Crystallographic data was obtained at 115 K 
using a device constructed by Dr. C.E. Strouse [ZO]. Fifteen high angle reflec- 
tions were used as input to the automatic centering, auto-indexing and least- 
squares routines of the instrument and a set of lattice parameters obtained; the 
data are listed in Table 4. 

Intensity data were collected using the 0 /29 scan technique with a scan rate 
of 2” mi.n-l_ The total background count time was equal to the scan time. 
Intensities for three standard reflections, (214), (303) and (215) were moni- 
tored after every 97 reflections; no significant changes were observed. 3074 
reflections were considered observed satisfying the requirement I > 30(I); these 
were used in the structural refinement. 280 reflections were considered unob- 
served. 

SoIution and refinement of the structure 

Programs used during the structural analysis includes the data reduction 
program PIBAR for the syntex diffractometer by Bell and Murphy; JBPATT, 
JBOUR and PKLIST, modified versions of Fourier Programs by Busing, Martin 
and Levy for full matrix least-squares and error analysis, ORTEP by Johnson 
for structural plots and PUBLIST by Hoe1 for structure factor table listing. All 
calculations were performed on the University of California (Los Angeles) Cam- 
pus Computing Network’s IBM 360/91. Atomic scattering factors for the non- 
hydrogen atoms were taken from the standard tables [ 211. Hydrogen scattering 
factors were those of Stewart et al. [22]. 

The atomic coordinates for the three ruthenium atoms were obtained from a 
three c$mensionaI Patterson map. A Fourier summation based on the three 
ruthenium atom positions revealed the positions of the remaining nonhydrogen 
atoms. Refinement was carried out by use of full matrix least-squares proce- 
ciures. The quantity minimized was Zu (I F. I- IF, I )* where w = l/c@,,)* 
and IF, I and IF, I are the observed and calculated structure amplitudes, respec- 
tively- The agreement indices for the F. refinement are R = ZI IF,1 - IF, II/ 
ZIFol andR, = CZWFol - lF,I)2/ZzuFo]“2 and the goodness of fit (GOF) 
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was given by: GOF = CE:w(lFOI - iF,I)*/(NO -NV)]“* where N,, is the number 
of observations and N, is the number of variables. After several cycles of least 
squares refinement with all atoms assigned isotropic thermal parameters the dis- 
crepancy factors were Rf = 0.088 and R, = 0.144. No anomalous dispersion 
correction was applied. Ali non-hydrogen atoms except for 0(31) were refined 
with anisotropic thermal parameters; those for 0(31) caused this atom to 
appear nonpositive definite and O(31) was therefore refined isotropically for 
the remaining least squares cycles. Careful examination of the difference map 
at that point revealed the positions of the methyl hydrogens and the hydride. 
On these maps several peaks were prominent but appeared close to the ruthe- 
nium atoms (0.6 to 0.8 A) and were not chemically meaningful. The hydrogens 
were included in the least-squares refinement with isotropic temperature fac- 
tors of 2.00. These were not refined. In the final least-squares cycle all atoms 
were refined with anisotropic temperature factors except the hydrogens and 
O(31). The final R, = 0.054 and R, = 0.074: GOF = 2.8 (No = 3074, IV, = 310). 

TABLE5 

ATOMICCOORDINATESFORHRu3(0CN(CH3)2)(CO)L0 

Atom 

Ru(l) 
Ru(2) 
Ru(3) 
C 
N 

Me(l) 
Me(2) 
0 
C(21) 

cx22) 

C(23) 
C(31) 
C(32) 
C(33) 
C(34) 
C(11) 
C(12) 
C(13) 
O(21) 
O(22) 
0<23) 
O(31) 
O(32) 
O(33) 

W34) 
O(11) 
O(l2) 
Wl3) 
Wll) 
H(l2) 
H(13) 
H(2l) 
H(22) 
H(23) 
H 

x 

0.2848(l) 
0.3532(l) 
9.5003(l) 

0.5197(10) 
O-6549(9) 
0.7189(13) 
0.7606(13) 
0.4817<7) 
0.2648(11) 
0.5397<11) 

0.1594(11) 
0.5419(12) 
0.6998<11) 
O-2745(12) 
O-6496(12) 
0.1123(11) 
O-1163(12) 
0.4107(12) 
O-2178(9) 
0.6473(S) 

O-0374(8) 
0.5696(S) 
0.8221(S) 
0.1492(S) 
0.7415(S) 
0.0041<8) 
0.0093(9) 
O-4859(9) 
0.6580(133) 
O-8332(142) 
0.7915(125) 
O-8946(127) 
0.7333(140) 
0.7601(127) 
0.1867(122) 

Y L 

0.1545(l) 

0.4176(l) 
0.1675(l) 
0.4056(S) 

0.4980(7) 
O-6311(9) 
O-4662(10) 
O-2937(5) 
O-5838(8) 
0.5079(S) 

0.4086(8) 
-0_0260(8) 
O-2133(8) 

0.1385<8) 
0.2340(S) 
0.0340(S) 
0.1645(S) 

-Q.O023(9) 
0.6844(6) 
O-5633(6) 

0.4118<6) 
-0.1436(7) 
O-2349(7) 
0.1174(7) 
O-2670(6) 

-0_0418<6) 

O-1647(6) 
-0.0939<6) 
0.6615(101) 
0.6406(101) 
0.7122(100) 
O-4542(96) 
0.4095(112) 
0.5301(107) 
O-3123(94) 

0.1605(O) 
0.2739(O) 
0.3456(O) 
O-1595(6) 

O-1345(5) 
0.1886(8) 
0.0531<7) 
0.1028(4) 
O-2182(6) 
O-3682(6) 

O-3629(6) 
O-3453(6) 
0.2666(S) 
O-4095(6) 
O-4674(6) 
0.2180<6) 
0.0414(6) 

0.1221(7) 
O-1882(5) 
O-4266(5) 
0.4064<5) 
O-3455(5) 
O-2239(5) 
O-4499(5) 
0.5375(5) 
O-2485(5) 

-4X0226(5) 
O-0965(5) 
0.2343(72) 
0.2169<71) 
0.1486(66) 
0.0322(66) 
0.0170(74) 
0.0085(72) 
O-1741(64) 



TABLE6 

Atom PI1 x lo4 822 x lo4 833 XZ04 

Ru<l) 
Rut2) 
Ru<3j 
C 
Me(l) 
Me@) 
C(21) 

C(22) 
C(23) 
(x31) 
CC321 
o<33j 
C(34j 
C<llj 
C(l2j 
C(13j 
0 
O(21j 
ot22j 
o(23j 
o(32j 
oc33j 
O(3.4) 
o<11j 
o<12j 
oc13j 
N 

oc31j 

78<1) 
87(l) 
82<lj 
69<14j 
88(18) 
107<19j 
57<15) 
70<15j 
76(16j 
123(18) 
71:16) 
101<17j 
92(16j 
94<16j 
102(17) 
90<17) 
81(11j 
122(13) 
112(13) 
84(12) 
81<12) 

122<14: 
130<14) 
112(13j 
159(15j 
16X15) 
76<13) 
2.45k 

16(l) 
15(l) 
18<lj 
16<8j 
28<1Oj 
36<1Oj 
19<9j 
14<8j 
30(9j 
2W9j 
11<8j 
29<9j 
2U9j 
13<8j 
12(8j 
29<9j 
18<6j 
39(7j 
28W 
56(7j 
59<8j 
68(8j 
42~7) 
35<7j 
39(7j 
3X7) 
13<7j 

26(Oj 
2WOj 
27~0) 
20~4) 
43<6j 
32(5j 
38<5j 
25<5j 
20(4j 
l‘%(4) 
3X5) 
27<5j 
29(5j 
39<5j 
25(5) 
36(5j 
21~3) 
45(4j 
31(4j 
35<4j 
37<4j 
38<4j 
33(4) 
40<4) 
31(4) 
4U4j 
26(4) 

4<lj 
8Uj 
11Uj 
13<9j 
+XlOj 
l<llj 
1~9) 
8(9j 
7(9j 
17(10) 
lU9j 
3<19j 

14<10) 
14(X0) 
-7W 
4<19j 
3<6j 
25<8j 
3(7j 
O(7) 
15<8j 
O(9) 

-3<8j 
-8<8j 
-l(8) 
41<8j 
7<8j 

813 x m4 823 x lo4 

7(l) 
8(l) 
6Uj 
3<6j 
23<8j 
24<8j 
6(7j 

15Uj 
3(7j 
8(7j 
W7j 
3(7j 

-2(S) 
4<7j 
5(8j 
6<7j 

11<5j 
9<6j 
'J(6) 
15(8j 
16(6j 
26<6j 
7(8j 

21<6j 
-14(6) 
25<6j 
8<6j 

-l(O) 
O(O) 
l(O) 
X5) 

-13<6j 
9<6j 

-7<5j 
2(5j 

4<5j 
5<5j 
1<5j 
1<5j 
2~5) 

-3(5j 
-l(5) 
0<6j 

-1<3j 
9<4j 

-1<4j 
-8(4j 
8<4j 
4<5j 

-l(4) 
2~4) 
4(4j 
W4j 
1<4j 

a Anisotropic temperature factors are given for the form ~XP {-@I Ih2 + P22k2 + 19331~ + 2P12hk f 
2fllshl+ 2&3kZ)} followed in parentheses by the estimated standard deviation. b Isotropic temperature 

factor BinA2. 

The finalatomic positionaland thermal parameters are given in Tables 5 and 6. 
Atable ofF9and F, [lb] is availabIe upon request. 

Descriptionofthestructureanddiscussion 

TheHRu3(OCN(CH3),)(CO) lomoleculeisshown in Fig_ 3 indicatingthe 
numberingsystemusedforIabehngtheatoms.Interatomicdistancesand 

anglesalongwiththeirestimatedstandarddeviationsarelistedinTables7 and 

8_Themoleculeconsistsofat~&ngulararrayofruthenium atomswithedgesof 

unequallength,2.8755(15),2.8319(15),and2.8577(14)~,butarewithinthe 

rangeofreportedruthenium-rutheniumdistances ]14,23-26].Thevariations 

inlength~e~imilartothosefoundinHOs~[OCC(CHMe)CHCHCEt](C0)6 

[27],whichalsocontainsoxygenandcarbonatomscoordinatedtotwometal 
atoms.Theinequalityinlengthispresumedto arisefromthedifferenceinelec- 

tronegativitiesofthecoordinatedcarbonrelativetotheoxygen. 

Boththefomamido group andthehydrogenatombridgethelongestedge. 

Onemayexpectthehydrogento bebridgingalongthelongestedgeexceptin 

caseswhereotherbridginggroupsmayexertacounteractinginfluence [28].In 
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Fig. 3. Vertical projection of HRu~(OCN(CH,),)<CO),O showing the numbering scheme for the atoms *. 

this case however it is obvious the fonnamido group is compatible with the 
longer metal--metal separation. 

The unique ruthenium atom is linked to four terminal car-bony1 ligands with 
OC-Ru-CO angles distorted somewhat from the octahedral orientation found 
in the RUG units of RUDER [26]. The remaining two ruthenium atoms 
each contain three terminal carbonyls and are bridged by both the hydride and 
formamido group. These carbonyls is form a slightly distorted octahedron with 
the Ru(3), H and C atoms and the Ru(3), H and 0 atoms. The bridging hydro- 
gen atom lies below the triruthenium plane, similar to other cluster complexes 
containing hydrogen atoms which bridge an edge also bridged by another group 
125,27-291. The Ru(Z)-H distance (Z-73(9) hi) is shorter than the Ru(2)-H 
distance (1.91(9) A) which may reflect differences in charge on the two ruthe- 
nium atoms indicated in resonance structures C and D, which are discussed 
below. The Ru(l)-Ru(2)-C(21) and Ru(2)-Ru(l)-C(l2) angles are opened 
up around the edge bridged by hydrogen (118.8(2) and 113.3(2)O ) typical for 
this type of system and which may be used to indicate the presence of hydro- 

* See footnote on p. 247. 
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TABLE7 

INTERATOMICDISTANCES(~)FORHR~~(DCN(CH~)~)~'=)~O 

Ru<lt_Ru(B) 2_8755<15) c(11)--0(11) 1.142<10) 

Ru(l)-Ru(3) 2.8319(15) C(12)--0(12) 1.110(10) 

Ru(2)-Ru(3) 2.8577 (14) C(13)--0(13) 1.138(10) 

Ru<l)--O 2.100<5) a21wc2u 1.121(10) 

Ru(2)-0 2.098(8) C(22)-0(22) 1.138(10) 

RU(l)-H l-73(9) C(23)-0(23) 1.129(10) 

Ru(2)-H X.91(9) 
a31w<3u 1.154(10) 

RuW-C(11) 1.881(S) C(32)-0(33) 1.128<10) 

Ru<l)--C<l2) l-945(9) C(33+0(33) 1.127(10) 

Ru<l)-C<l3) l-912(9) C(34)-0(34) 1.129(10) 

RU(3)--C<31) l-892(8) Me(2)-H(21) 1.08(S) 

Ru<3FCX32) 1.938(S) Me(2)_I-I(22) O-72(10) 

Ru(3FC(33) 1.954(S) Me(2)-K(23) 0.88(10) 

Ru<3)-C<34) l-946(9) 
Me(l)-H(12) 0.86(10) 

Ru(2)-C(21) l-913(8) Me(l)-H<ll) 0.87(10) 
RW2)--C<22) l-894(8) Me(l)-H(13) l-09(8) 
Ru<2)--C(23) l-968(8) 

N-Me(l) 1.46(l) 

C-O 1.287(S) 
N-Me(2) 1.47(l) 

C* 1.340(10) 

gen bridg&g an edge %vhen this atom can not be located directly [ 111. 
The average Ru-C(carbonyl) distance is l-924(9) A and is similar to thoSe 

found in RUDER (Ru-C(carbonyl),, = l-932(4) 8) [ 261. Ru-C(carbonyl) 
trans to the carbon of the formamido group is 0.044 & longer than the average 
Ru-C(carbonyl) distance suggesting some truns influence [30] of the carbon 
atom of the formarnido group. There is however no noticeable shortening of 
+,he C-O bond length in this carbonyl group (C(23)-0(23) 1.129(10) 8). 

The Ru(2)-C distance at 2.098(S) d is longer than what one would expect 
for an Ru-C(sp2) single bond (2.06 Ai) based on the covalent radii of Ru [31] 
and C(sp’) [32]. It is also longer than the average Ru-C(carbonyl) distance in I 
and longer than the Ru-C(isocyanide) distance of l-99(2) B in the complex, 
Ru&O)llCN-t-Bu [ 331. Although carbonyls function as good R acceptors, iso- 
cyanide ligands are generally regarded [34,35] as poor x acceptors. It therefore 
appears that there is little Ru-C(amide) multiple bonding in I. 

The Ru(lj--o distance (2.100(5) 8) is slightly longer than the sum of the 
covalent radii (1.99 L%) [31,36] but is comparable with several Ru-0 distances 
reported (range l-96(2) to 2.103(7) A) 137-391. The formamido group is 
nearly perpendicular to the Ru3 plane and shows no interaction with the Ru- 

(CO)4 group. 

Interatomic distances within the formamido group 

Within the formax$do group the CO and CN distances of l-287(9) A and 
1.340(10) _& suggest delocalized bonding with bond lengths being intermediate 
between single and double bond vaks. This is best represented by resonance 
between the two canonical stzuctures C and D *_ 

l See footnote on p. 24?. 
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TABLE 8 

INTERATOMICANGLES(deg) 

59.20(4) 
60.71(3) 
60.09(4) 

118.8<2) 
137.8<2) 
104.4(2) 
66.6(2) 
96X2) 

82.0(2) 

89.9(2) 
163.3(2) 
108.8(2) 
113.3(2) 

140.5(2) 

X6.8(2) 
85.9<2) 
85.6(2) 

103.4(2) 
85.9<2) 

171.9<2) 

89.1(3) 
175.9(2) 

82.7(2) 
93.1(2) 

87.7(2) 
176.6(7) 
174.3<7) 
177.8(S) 

177.3<7) 
177.8(7) 
172.3(7) 
114.6<5) 

109.6(5) 
130.2<6) 

88.3<3) 
96.5<3) 

168.8<3) 
177.2(3) 

89.7<3) 
177.2(3) 

179.1<8) 
175.9<7) 
176.2(S) 
176.5(7) 

92.5(3) 
91.2<3) 

98.8(3) 

97.9(3) 

90.7<3) 
94.6(3) 
88.3(3) 
96.5<3) 

168.8<3) 

92.2(3) 

93.8<3) 
99.7<3) 

170.5(3) 
93.4<3) 
92.7(4) 

103.8(43) 
92_3<26) 

97.4(3) 
35.9(26) 
40.3(3) 
99.0(29) 
75_0(29) 

169.2<29) 

86.6(26) 
173.1(26) 
90.4<26) 

O-C-N 115.2<7) 
C-N-Me(l) 124.1(7) 
C-N-Me(2) 121.4<7) 
Me(l)-c-Me(P) 114.2<7) 

These account for the hindered rotation about the C-N bond as indicated by 
NMR non-equivalence of the two methyl groups bonded to the nitrogen atom 

>Me2 

o-c 

(Cl (0) 

andthe planarit,yofthefommmidogroupobservedinthestructurestudy_ 

The C-O distance in the coordinated formamido group is longer than the 
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C-O distance found in the. amides [40-421 and somewhat longer than the 
C-O distances observed for most of the cqboxamidometal complexes 
[43-461. It is consistent with the C-Gdistan&s found in the polynuclear 
metal complexes containing bridging formamido groups [47,48]. For compari- 
son, bond distances and angles in free amides and in complexes containing the 
formamido group and an alkylated formamido’group are listed in Table 9; 
parameters for an amide complex with an alkali metal ion are also included in 
this Table. 
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