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Laser-ablated manganese atoms react with CO and NO mixtures upon condensation in excess argon and
further annealing to produce a series of unsaturated manganese carbonyl nitrosyl complexes including Mn-
(CO)(NO), Mn(CO)(NO), and Mn(CO)(NO). The Mn(CO)(NO) complex isomerizes to Mn(C@HNO)

on visible photolysis, which rearranges to the isocyanate OMnNCO molecule on ultraviolet photolysis. The
Mn(CO)(NO)@>NO) and Mn(CO)(NOY#*NO) isomers also appear on annealing as does Mn{GQ)).

The major product after annealing is the stable 18-electron molecule Mn(CQ)(IN@) observed absorption

bands of reaction products were identified by isotopic substitufil'9O, N0, 15N180, and mixtures)

and reproduced within-13% by density functional theory calculations of vibrational fundamentals. The bonding

and reaction mechanisms are discussed. The isocyanate species formed here from the simple Mn(CO)(NO)
complex is relevant to catalytic reactions for pollution control.

Introduction vibrational frequencies, and infrared intensities of various
manganese carbonyl nitrosyls are confirmed using isotopic
substitution in the infrared spectra and density functional theory
(DFT) calculations. The bonding nature of NO and CO with
manganese in different carbonyl and nitrosyl environments and
the photochemical rearrangement of Mn(CO)(NO) to Mn(CO)-
[NO] and then to the isocyanate OMnNCO are discussed.

The coordination of NO to transition metals is characterized
by two different modes, e.g., end-on and side-on bonding,
depending on the metal. For example, recent laser-ablation
investigations of transition-metal reactions with NO in this
laboratory revealed that insertion is dominant for the early metals
whereas nitrosyls, botly! and 52, are observed for the late
metals!~8 Most of the metatl-carbon monoxide bonding is end-
on; however, photolysis of MICO);o produced the bridging
carbonyl mode for Mg(CO),.%1° Compared to metal carbonyls The experimental apparatus for reactions of laser-ablated
and nitrosyls, little work has been done on metal carbonyl metal atoms with small molecules during condensation in excess
nitrosyl complexes. The saturated stable 18-electron carbonyl-argon has been described in detail previod$f?.The Nd:YAG
trinitrosylmanganese compound (Mn(CO)(NJXas been syn-  laser fundamental (1064 nm, 10 Hz repetition rate with 10 ns
thesized, its structure, spectra, and properties have beerpulse width) was focused onto a rotating manganese target
studied!>12and the saturated Mn(C@NO) molecule and its ~ (Johnson Matthey, 99.99%). The laser energy was varied from
matrix photochemistry have also been examitethe adsorp- 5 to 40 mJ/pulse. Laser-ablated metal atoms were co-deposited
tion and reactions of NO and CO on Ru, Rh, and Pt surfaces with nitric oxide and carbon monoxide mixtures (6.0.3%)
have been investigated recently because of the need to removén excess argon onto a 10 K Csl cryogenic window-a#i2Znmol
these gases from automobile exhad$ts. for 1 h. Isotopic N60O, 13C'0, and 1>N'80 samples and

In this laboratory, reactions of laser-ablated transition-metal mixtures were used in different experiments. Infrared spectra
atoms with CO22 as well as NO; @ have been studied Wwere recorded at 0.5 cmh resolution on Nicolet 750 with 0.1
extensively. Recent laser-ablation studies of iron atom reactionscm ! accuracy using an HgCdTe detector. Matrix samples were
with CO and NO mixtures have formed several unsaturated iron annealed at different temperatures, and selected samples were
carbonyl nitrosyl complexes as reaction proddétand the subjected to broadband photolysis by a medium-pressure
simple Fe(CO)(NO) complex has a side-bound isomer Fe(CO)- mercury arc lamp (Philips, 175 W) with the globe removed.
(7?>-NO). The FeCO subunit observed in different nitrosyl
environments appears to distort and stiffen with an increase in Results
positive charge on iron, which may relate to the deformability
of the FeCO subunit in heme proteins. To test the general
bonding and structural features of simple unsaturated transition-
metal carbonyl nitrosyl complexes, we have studied the rea(:tionsfor comparison
of laser-ablated manganese atoms with CO and NO mixtures )

in excess argon during condensation at 10 K. The structures,. Spectra of Reaction ProductsFigures 1, 2, and 3 show the_ .
infrared spectra of laser-ablated manganese atom co-deposition

o I with 0.2% CO+ 0.2% NO in excess argon in three regions,
* Author for correspondence. E-mail: Isa@virginia.edu. . . .
*Permanent address: Laser Chemistry Institute, Fudan University, @nd the absorptions are listed in Table 1. Bands due to CO,
Shanghai, P.R.China. NO, (NO), and other common Dy species including pO,
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Experimental Section

Infrared spectra are presented for laser-ablated manganese
with NO and CO mixture, and density functional theoretical
calculations of manganese carbonyl nitrosyl complexes are given
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TABLE 1: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Mn Atoms with NO and CO in Argon at 10 K

CO+NO  ®BCO+NO  CO+NO  CO+BBNBO  2COMCO  “NOASNO  ISNO/SNO assignment
2250.8 2190.7 2236.2 2237.3 1.02743 1.00653 0.9996 OMnNCO
2245.7 2185.4 2231.9 2232.7 1.02759 1.00618 0.9995 OMnNCO site
2238.2 2177.7 2225.9 1.02778 1.00553 0.9998 OMnNCO site
2230.4 2169.9 2217.4 2217.8 1.02788 1.00586 OMnNCO site
2138.2 2091.1 2138.2 2138.2 1.02252 co
2104.6 2057.9 2104.4 2104.1 1.02269 Mn(CO)(NOD]
2091.6 2045.7 2090.7 2089.6 1.02244 1.00043 1.00053 Mn(CO)(NO)
2087.0 2042.0 2087.1 2086.7 1.02204 Mn(CO)(NO)[NO]
2070.5 2026.1 2070.4 2070.4 1.02191 1.00005 late, ph dec
2063.3 2017.0 2062.9 2062.8 1.02295 1.00019 Mn(CO)NO)
2034.7 1989.2 2033.9 2033.5 1.02287 early, ptdec
2028.1 1982.8 2028.1 2028.1 1.02285 Mn(@EID) site
2024.F 1978.8 2024.2 2024.1 1.02289 Mn(G@JO)
1992.8 1948.9 1992.8 1992.8 1.02255 Mn(gED), sym
1986.3 1941.9 1986.2 1986.2 1.02286 Mn(@ED) site
1984.4 1940.0 1984.3 1984.4 1.02289 Mn(G@yO)
1973.0 1924.8 1973.0 1972.9 1.02504 Yate
1960.7 1915.3 1960.7 1960.2 1.02370 Mn(CO)[NO]
1945.7 1902.2 1944.8 1944.1 1.02287 Mn(CO)(NO)
1933.5 1891.1 1933.5 1933.0 1.02242 Mn(g®P), asym
1891.1 - 1891.2 1891.0 Mn(C®)
1871.8 1871.8 1839.0 1789.2 1.01784 1.02783 INO
1865.1 sh 1824 sh 1865.8 1865.7 1.0225 Mn(£0)
1863.2 1863.3 1830.4 1781.2 1.01792 1.02762 @O)
1832.5 1792.5 1832.5 1832.4 Mn(GO)
1830.0 1829.0 179423 1754.1 1.00055 1.01990 1.02292 Mn(CO)(NO)
1824.1 1824.1 1788.0 1747.2 1.02014 1.02335 Mn@N)n?
1779.7 1779.7 1748.1 1702.3 1.01808 1.02690 Mn(Q@)
1776.1 1776.1 1744.2 1697.5 1.01829 1.02751 @O)
1771.0 1771.0 1741.2 1.01711 Mn(CO)(NMO]
1763.6 1763.6 1728.8 1690.7 1.02013 1.02254 late, ph inc
1748.6 1748.6 1675.6 (MnNO)
1743.7 1743.8 17095 1669.9 1.02001 1.02371 Mn(CO)(ND)
1728.0 1728.0 1694.1 1.02001 Mn(CO)(NDO]
1722.9 1722.9 1688.4 1650.7 1.02043 1.02284 Mn¢Qm)
1713.2 1713.2 1679.7 1640.6 1.00023 1.01994 1.02389 Mn{N&ym
1708.7 1708.3 1675.1 1638.0 1.00070 1.02006 1.02265
1704.5 1703.3 1670.9 1634.3 1.02011 1.02239 Mn(CO)(NO)
1699.8 1699.9 166529 1628.6 1.02035 1.02290 Mn(CO)(N©O)
1693.1 1693.1 165829 1622.3 1.02062 1.02256 Mn(ND)
1504.6 1504.5 1477.8 1439.1 1.01814 1.02689 Mn(CO)¢N@)]
1322.1 1322.2 1299.1 1265.5 1.01770 1.02655 Mn(CO)(NO)[NO]
1298.5 1298.5 1283.5 - 1.01556 - Ok
1268.6 1268.6 12489 1218.7 1.01577 1.02488 Mn[N]
1260.4 1260.3 1239.8 1204.4 1.01662 1.02939 site
1257.8 1257.7 1237.2 1202.1 1.01665 1.02912 Mn(CO)[NO]
1243.3 1243.3 1218.1 1199.1 1.01577 1.01585 ANO
1236.9 1236.8 1213.8 1181.0 1.01719 1.02777 MnENO]
1232.4 1232.3 1.01532 Mn[NO]
979.2 978.9 964.8 1.01461 X-NMnO
932.2 932.2 918.6 906.1 1.01481 1.01379 NMnO
892.3 892.3 892.3 851.0 1.04853 OMnNCO site
884.0 884.0 883.9 weak, ?
873.9 873.9 863.5 837.5 1.01204 1.03092 NMnO
867.8 867.8 867.6 825.9 1.00023 1.05049 OMNNCO
858.1 858.1 857.9 818.3 1.04839 OMnNCO site
833.3 833.3 833.2 796.7 1.04581 MnO
666.8 666.2 653.8 650.3 1.00090 1.01988 1.00538 Mn(COXNO)
649.6 642.7 644.6 643.6 1.01074 1.00776 1.00155 Mn{@i@)
640.2 639.4 632.9 624.2 1.00125 1.01153 1.01394 Mn(COYNO)
631.1 629.2 622.8 1.00302 1.01333 ?
542.5 542.1 529.3 523.2 1.00074 1.02494 1.01166 Mn(COXNO)
534.5 515.2 Mn(NQ)
4515 4515 4471 1.00984 Mn[NOJMn
446.6 440.1 440.7 4375 1.01477 1.01339 1.00731 Mn(COXNO)

a Extra bands in mixed isotopic experimen&CO + 3CO: (2024.1) 2001.7 cm; (1984.4) 1953.2 crit; (1832.5) 1809.0 cmri; “NO + 1NO:
1820.9, 1809.8 cmi (1794.3); 1728.8, 1718.2 crth(1709.5); 1677.1 cmi (1665.9); 1670.7 cmt (1658.9); 1353.2 crri (1248.9).° Behavior of
weak unassigned bands that appear on anneélRegference 22¢ Reference 2.

NO,, (NO);", NO,~, and (NO)~ were also observekt8 After and the oxidé® decomposition product. Stepwise annealing to
deposition, only very weak product absorptions appeared at25, 30, and 35 K decreased the NMnO absorptions and produced
1693.1 cm! (Mn(NO),), 932.2 and 873.9 cmt (NMnO), and new bands at 2091.6, 2063.3, 1945.1, 1933.5, 1830.0, 1743.7,
833.3 cnt! (MnO), which are due to reaction with nitric oxide, 1713.2, and 1699.8 crhat the expense of CO and NO at 2138.2
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Figure 1. Infrared spectra in the 212680 cn? region for laser-ablated Mn atoms co-deposited with 0.2%-€@2% NO in argon at 10 K:
(a) afte 1 h sample deposit, (b) after annealing to 25 K, (c) after annealing to 30 K, (d\laftet70 nm photolysis, (e) after 35 K annealing, (f)
afterA > 240 nm photolysis, and (g) after annealing to 40 K. The * denotes Mn(CO}{NO}; the 1 denotes Mn(CO)(NO)[NO].
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Figure 2. Infrared spectra in the 152210 cn1! region for laser-ablated Mn atoms co-deposited with 0.2%-£02% NO in argon at 10 K:

(a) afteg 1 h sample deposit, (b) after annealing to 25 K, (c) after annealing to 30 K, (d\laftet70 nm photolysis, (e) after 35 K annealing, (f)
afterA > 240 nm photolysis, and (g) after annealing to 40 K.

and 1871.8 cmt, respectively. Mercury arc photolysis using + N0, and 12C1%0 + N80 + 15N16O were used for
the 470 nm long-wavelength pass filter almost destroyed the molecule identifications through isotopic shifts and splitting of
1945.1 and 1704.5 cr absorptions, and produced new bands product bands, and the carbonyl and nitrosyl regions are shown
at 1960.7 and 1257.8 criy subsequent 35 K annealing reversed in Figures 4 and 5.
this change, but full arc photolysis reduced both band sets, and  Calculations. The density functional method was employed
the original set was again increased with 40 K annealing. A in this investigation, and all calculations were carried out with
final full arc photolysis decreased the 2063.3, 1960.7, 1933.5, GAUSSIAN 94 progran?’/ The structure and frequencies of
1713.2, and 1699.8 cm bands, and increased the 2091.6, expected manganese carbonyl nitrosyls and their isomers were
1830.0, 1743.7, 666.8, and 542.5 Chabsorptions. Another  calculated using the BP86 functional, the 6-313(d) basis sets
band set at 2104.6, 1771.0, 1728.0, and 1504.6'éncreased for C, N, and O atoms, and the all-electron set of Wachters and
stepwise on annealing until a 30% reduction on full arc Hay as modified for manganese atotfis$° The BP86 functional
photolysis followed by recovery on 40 K annealing. Another has been shown to give excellent frequency predictions for
experiment was done with 0.1% C00.3% NO and the relative  manganese nitrosyls and carbord#3.All the geometrical
band populations were changed favoring the higher nitrosyl parameters were fully optimized, and the harmonic vibrational
species. frequencies were obtained analytically at the optimized struc-
Similar spectra were observed for isotopi€®0 + 1“N16O, tures. The computed geometry parameters, relative energies and
12C160 + 15N160, and!2C10 + 15N180 samples, and isotopic  frequencies, intensities, and isotopic frequency ratios for the
counterparts are listed in Table 1. The mixtur&3160 + 13C160 Mn(COX(NO), (x, y = 1, 2) complexes are summarized in Table
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Figure 3. Infrared spectra in the 948140 cn1! region for laser-ablated Mn atoms co-deposited with 0.2%4€@2% NO in argon at 10 K: (a)
after 1h sample deposit, (b) after annealing to 25 K, (c) after annealing to 30 K, (d} &ft&70 nm photolysis, (e) after 35 K annealing, (f) after
A > 240 nm photolysis, and (g) after annealing to 40 K.
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Figure 4. Infrared spectra in the 226880 cnT* nitrosyl region for laser-ablated Mn atoms co-deposited with 0.2%1C01%NO + 0.1%
15NO in argon at 10 K: (a) aftel h sample deposit, (b) after annealing to 25 K, (c) after 470 nm photolysis, (f) aftet > 240 nm photolysis,
and (e) after annealing to 40 K.

2 and Table 3, while Table 4 contains our results for the stable the free CO and NO molecules. The predicted dipole moment
18-electron molecule, Mn(CO)(N@)At optimized BP86/6- for bent structure is 4.136 D, much larger than that of the linear
311+G(d) geometries, single-point energies were determined structure (0.799 D). The second isomer is Mn(CO)[NO], also
at the B3P86 level with the 6-3%#5(3df) basis set. known as Mn-(3-CO)—(#2-NO), and three states are located
Two isomers for carbon monoxide coordinated to manganesewith 3A’ as the ground state, which is 8.1 kcal/mol higher in
mononitrosyl, the end-on Mn(CO)(NO), side-on nitrosyl (Mn- energy than the linear Mn(CO)(NO) molecule. (Here we use
COI[NQ]), and two inserted oxide nitride species NMnO(CO) () to denotey! and [] to denote;? coordination.) The bond
and OMnNCO were calculated. The first isomer is described length of NO in this molecule is 1.270 D, which is longer than
as both ligands, CO and NO, bonding end-on with Mn, and is that of free NO due to interaction with the Mn atom and suggests
also known as Mr (1-CO)—('-NO). Two electronic states, that Mn(CO)[NO] is the NO dissociation intermediate. For the
3A" and>X states with bent and linear structures, respectively, inserted NMnO(CO) isomer, which is CO complexed to Mn in
are very close in energy; the liné& state is 1.3 kcal/mol higher  the NMnO insertion product, the ground statéAs, which is
with BP86/6-311-G(d) than the bentA’ state, but 3.8 kcal/  14.2 kcal/mol higher in energy than linear Mn(CO)(NO), and
mol lower in energy with the B3P86/6-3115(3df) correction. the rearranged form OMnNCO is 34.8 kcal/mol higher than Mn-
The calculated bond lengths of both M@ and Mn—N bonds (CO)(NO).
in the linear structure are longer than those in the bent structure, Calculations were also done for Mn(CO)(NOMn(CO),-
while the bond lengths of CO and NO are very close to that of (NO), and Mn(CO)(NO) and the results are listed in Table 2.
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Figure 5. Infrared spectra in the 188640 cnt? nitrosyl region for laser-ablated Mn atoms co-deposited with 0.2%1C@1%*NO + 0.1%
15NO in argon at 10 K: (a) aftel h sample deposit, (b) after annealing to 25 K, (c) after annealing to 30 K, and (d) after annealing to 35 K.
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TABLE 2: States, Relative Energies (kcal/mol), and Geometries Calculated at the BP86/6-3&G(d) Level for Manganese
Carbonyl Nitrosyls

molecule state rel energy geometry (A, deg)
Mn(CO)(NO) SA/ 0.0 3.8y CO, 1.170; MnC, 1.821; NO, 1.192; MnN, 1.670; MnCO, 172.9;
MnNO, 169.6; CMnN, 105.8
5 1.3(0.0) CO, 1.164; MnC, 1.903; NO, 1.194; MnN, 1.727; MnCO, 180.0;
MnNO, 180.0; CMnN, 180.0
Mn(CO)[NO] SA 6.5 (8.1) CO, 1.165; MnC, 1.871; NO, 1.270; MnN, 1.768; MnO, 1.963;
MnCO, 178.2; MnNO, 78.6; OMnN, 39.4
5A 17.4 (13.3) CO, 1.163; MnC, 1.931; NO, 1.283; MnN, 1.824; MnO, 1.965;
MnCO, 176.4; MnNO, 76.3; OMnN, 39.4
A’ 30.8 (28.8) CO, 1.161; MnC, 1.934; NO, 1.314; MnN, 1.939; MnO, 1.950;
MnCO, 177.7; MnNO, 70.8; OMnN, 39.5
NMnO(CO) SA! —4.6 (14.2) CO, 1.144; MnC, 1.977; MnN, 1.556; MnO, 1.615; MnCO, 180;
NMnC, 120.5; OMnC, 97.5; OMnN, 142.0
A’ 17.5(24.5) CO, 1.156; MnC, 1.811; MnN, 1.549; MnO, 1.603; MnCO, 171.3;
NMnC, 97.2; OMnC, 110.7; OMnN, 118.6
OMNnNCO D) —34.2 (34.8) OMn, 1.601; MnN, 1.868; NC, 1.215; CO, 1.187
Mn(CO)(NOX(Cy) A" 0.0 CO, 1.155; MnC, 1.897; NO, 1.184; MnN, 1.724; MnNO, 175.2;

MnCO, 177.1; NMnN, 145.0; CMnN, 106.2

Mn(CO)(NO)[NO] (C) N 12.5 CO, 1.150; MnC, 1.938; NO, 1.180; MnN, 1.711, [NO], 1.274;
MIN], 1.874; Mn[O], 1.950; MnNO, MnCO, 180.0; CMnN, 115.9;
CMn[N], 92.4, NMn[O], 112.9

Mn(CO)(NO) (C) A" 0.0 (0.0) CO, 1.160; NO, 1.189; MnN, 1.679; MnC, 1.873;
MnCO, 177.1; NMnN, 115.5
Mn(CO)[NO] A 10.8 (6.4) CO, 1.160; NO, 1.250; MnC, 1.854; MnN, 1.711; MnO, 2.092;
MnCO, 180; NMnO, 36.7
Mn(CO)(NO) (Ca) A, 0.0 (0.0) CO, 1.154; NO, 1.172; MnC, 1.863; MnN, 1.698;
Mn(CO)(NORNO] A 28.4 (25.5) CO, 1.154; MnC, 1.848; NO, 1.175; MnN, 1.698;

[NOJ, 1.218; Mn[N], 1.886; Mn[O], 2.052; MnNO, MnCO, 180.0;
NMnN, 115.4; CMnN, 97.6; NMn[N], 120.8; NMn[O], 110.0

a Calculated at B3P86/6-31#1G(3df,3pd) level in parentheses.

The saturated Mn(CO)(N@)nolecule was predicted to have a Discussion

‘A1 ground state withCs, symmetry, and the calculated A number of manganese nitrosyls and carbonyls including
geometry parameters excellently reproduced the electron d'f'Mn(CO)z, Mn(CO), MnNNO, Mn(NO), Mn(NO)s, Mn[NO],
fraction and microwave structure determinatiéh3.he bond Mn[NO],, and NMnO were observed in agreement with our

lengths of CO and NO are overestimated about 0.01 A, while previous investigations of the carbonyl and nitrosyl systé#s.
the lengths of MnN and MnC are underestimated about 0.02 |n addition, new absorptions for mixed carbonyl nitrosyls will

and 0.08 A, respectively. The predicted bond angles are muchpe assigned below.

closer to experimental values; the discrepancies of NMnN and ~ Mn(CO)(NO). The 1945.7 and 1704.5 crh bands are
CMnN bond angles are only 0.9 ant] tespectively. Both Mn-  produced on annealing to 25 and 30 K, but destroyed completely
(CO)(NOY (*A") and Mn(CO}(NO) (PA") are calculated to  on visible @ > 470 nm) and ultravioleti( > 240 nm) photolysis
have Cs symmetry. Finally, computations were also done for and produced again on further annealing to 35 and 40 K. The
the Mn(CO)(NO)[NO] and Mn(CO)(NQJNO] isomers. 1945.7 cm! band shows a 43.5 crh 13CO isotopic shift, but
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TABLE 3: Stretching Frequencies (cnT?!) and Infrared Intensities (km/mol) of C—0O and N—O Bonds Calculated at the
BP86/6-311G* Level for Ground States of Various Manganese Carbonyl Nitrosyls

molecule mode 12C0O,“NO 13CO,“NO 12C0O,5NO (*2COMCO) (“NO/SNO)
Mn(CO)(NO) €A’ c-0 1934.4(686) 1890.4(606) 1933.5(714) 1.02327 1.00047
N—-O 1716.6(927) 1715.4(959) 1682.4(867) 1.00070 1.02033
Mn(CO)(NO) £5) c-0 1972.6(816) 1927.9(709.1) 1971.6(865) 1.02318 1.00051
N—-O 1711.8(1271) 1710.7(1317) 1677.9(1188) 1.00064 1.02020
Mn(CO)[NO] c-0 1973.6(746) 1927.4(705) 1973.5(747) 1.02397 1.00005
IN—0O] 1293.7(294) 1293.7(294) 1272.1(283) 1.00000 1.01698
NMnO(CO) c-0 2085.7(602) 2037.9(568) 2085.7(602) 1.02346 1.00000
Mn—N 1046.9(67) 1046.9(67) 1019.2(69) 1.00000 1.02718
Mn—0 942.6(125) 942.6(125) 942.3(120) 1.00000 1.00032
OMnNCO €5) N—-C-0, a 2235.6(1409) 2173.5(1348) 2224.3(1381) 1.02857 1.00508
N-C-0,s 1373.7(17) 1373.4(16) 1346.7(20) 1.00022 1.02005
Mn—O 839.7(92) 839.7(92) 839.7(92) 1.00000 1.00000
Mn(CO)(NO (Cy) c-0 1995.6(891) 1952.0(788.4)  1994.6(924) 1.02234 1.00050
N—-0O, a 1765.7(464) 1764.4(502) 1730.7(419) 1.00074 1.02022
N-O, s 1712.1(1713) 1712.1(1713) 1678.8(1643) 1.00000 1.01984
Mn(CO)(NO)[NO] c-0 2040.0(709) 1994.3(645) 2039.5(727) 1.02292 1.00025
N-O 1772.9(1056) 1772.3(1072) 1737.6(1001) 1.00034 1.02032
IN—0O] 1240.1(437) 1240.1(437) 1219.5(419) 1.00000 1.01689
Mn(CO)(NO) (Cy) C-0,s 2013.4(365) 1968.0(308) 2012.4(395) 1.02307 1.00050
C-0,a 1952.2(1318) 1907.5(1244) 1952.2(1319) 1.02343 1.00000
N-O 1737.9(1071) 1736.8(1097) 1703.2(1006) 1.00063 1.02037
Mn(CO)[NO] Cc-0,s 2006.9(396) 1960.5(372) 2006.9(398) 1.02367 1.00000
c-0,a 1948.5(1386) 1903.9(1307) 1948.5(1386) 1.02343 1.00000
N—O 1352.5(430) 1352.5(431) 1329.8(415) 1.00000 1.01707
Mn(CO)(NOXINO] c-0 2028.4(633) 1982.8(573) 2027.5(650) 1.02300 1.00044
N—-0O, a 1804.8(606) 1803.5(624) 1769.3(579) 1.00072 1.02006
N-O, s 1761.1(1357) 1761.1(1357) 1726.0(1301) 1.00000 1.02034
IN—O] 1471.1(505) 1471.1(506) 1444.6(490) 1.00000 1.01834

aFrequency (intensity).

TABLE 4: Calculated and Observed Frequencies, Intensities, and Isotopic Frequency Ratios for Mn(CO)(N@)*A;) Using
BP86/6-311G*

calcd ratios obsd ratios
calcd freq 2co/ 1NO/ N6/ obsd freq 2co/ ¥NO/ 5N16O/
sym  (cm1) (km/mol) 3Co 15NO 15N80 (cm™) (au) ¥Co 5NO 15N180 assignments
e 1776.5 (1373) 1.00000 1.02045 1.02400 1743.7 (8.58)1.00000 1.02043 1.02371 NO str, asym
679.3 (70) 1.00118 1.00876 1.01157 640.2 (0.02) 1.00125 1.01153 1.01394 MnNO, bend
569.4 (32) 1.00035 1.02595 1.01388 542.5 (0.03) 1.00074 1.02494 1.01166 MnN str, asym
483.1 (16) 1.01684 1.01343 1.00612 446.6 (0.01) 1.01477 1.01339 1.00731 CMnN str
327.5(0.1) 1.01425 1.01550 1.00750 CMnN str
80.3 (0.0) 1.00000 1.00375 1.02564
69.7 (0.0) 1.00145 1.00288 1.03964
& 2028.0 (614) 1.02233 1.00079 1.00059 2091.6 (0.15) 1.02244 1.00043 1.00053 CO str
1842.0 (522) 1.00136 1.02005 1.02288 1830.0 (0.10) 1.00049 1.01990 1.02292 NO str, sym
711.2 (95) 1.00042  1.01906  1.00461 666.8 (0.03)  1.00090  1.01988  1.00538  MnNO bend (in)
543.3(0.2) 1.00000 1.01551 1.02766 MnNO bend (out)
438.8 (8) 1.01059 1.00481 1.00715 MnC s-str
71.8(0.2) 1.00279 1.00139 1.03763
& 302.2 (0) 1.00000 1.02649 1.01343

a Absorbances in Figure 1 after 40 K annealing.

only 0.9 cnt! 1O and 1.6 cm® 15N180 isotopic shifts. This  that the Mn(CO)(NO) molecule has triplet bent and quintet linear
band exhibits 12/13 isotopic ratio 1.02287 and 14/15 ratio structures. The energy difference between the two states is so
1.00046, suggesting a terminaHO stretching vibration with small that it is difficult to determine which one is the ground
very small coupling to nitrogen. The 1704.5 chband shifts state. The calculated-€0 stretching frequency for the triplet
to 1670.9 cm? in the CO+ 15NO experiment (14/15 ratio  structure is 11.3 crrt lower, but for quintet linear structure is
1.02035) and to 1634.3 crh with 15N80 but shows only a  26.9 cnt?® higher than the experimental argon matrix value
small 1.2 cm! *CO isotopic shift. This band is due to a (1945.7 cm?), while the predicted N-O stretching frequencies
terminal N—O stretching mode with little carbon motion. The for both structures are essentially the same (1716.6 and 1711.8
doublet isotopic structures for the 1945.7 and 1704.5'dvands cm~1), and much closer to the observed value (1704.5%¢m
observed in'21CO + NO and CO+ INO experiments  The predicted isotopic ratios for two structures agree very well
indicate that only one CO as well as one NO subunit are with experimental observations. The calculated relative intensi-
involved in the vibrational modes. These two bands are assignedties for the two structures are almost the same and in reasonable
to the initial unsaturated Mn(CO)(NO) complex formed in the accord with the observed 0.025/0.031 band intensities. Finally,
Mn, CO, and NO reaction. the major difference between the two structures is their dipole
Our DFT calculations further confirm this assignment, and moments (calculated above). Our previous studies showed that
the results are summarized in Table 3. The calculations showthe more polarizable argon matrix trends to stabilize the species
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with the larger dipole moment.As discussed in the following

Wang et al.

shifted to 1265.5 cmt with 1N180. This band is 64.3 cnt

section, the frequencies of CO subunits in various manganesehigher than the absorption of Mn(CO)[NO] at 1257.8¢pand
monocarbonyl nitrosyls modeled by BP86 are systematically shows“NO/*>NO isotopic ratio 1.017 78, which is very close
lower than experimental values. So we conclude that Mn(CO)- to thel“NO/A5NO ratio of side-on Mn[NOE The Mn(CO)(NO)-

(NO) with the bent triplet state is probably observed in solid

argon.
Mn(CO)[NQ] or Mn(CO)( n2-NO). The sharp bands at
1960.7 and 1257.8 cm increase slightly on annealing to 25
and 30 K, greatly increase oh > 470 nm photolysis, and
decrease on further annealing to 35 and 40 K and240 nm

[NO] molecule is proposed, and a weak CO stretching mode at
2087.0 cnt follows this unusual photolysis behavior; the
associated NO mode is presumably buried in the congested 1700
cm~1 region.

Our DFT calculations of frequencies at 2040.0, 1772.9, and
1240.1 cnt! (Table 3) support this assignment, but we again

photolysis, suggesting that they are due to different modes of note the systematic discrepancies.

the same molecule. The 1960.7 thband shifts to 1915.3 cm

Mn(CO)(NO)s. A group of prominent bands at 2091.6,

in the3CO + NO experiment and shows a clear 1:1 doublet at 1830.0, 1743.7, 666.8, 640.2, 542.5, and 446.6coan be

1960.7 and 1915.3 cm in the mixed'21CO + NO isotopic

assigned to the saturated Mn(CO)(N@jolecule. These bands

spectrum, indicating that only one CO subunit is involved. The appear on deposition and increase on annealing and photolysis

1257.8 cm! band exhibits al“NO/ASNO isotopic ratio of
1.01665, a>NO/5N'80 isotopic ratio of 1.02912, and a 1:1
doublet at 1257.8 and 1237.2 chin the mixed CO+ 41NO
experiment. This band and if$NO/SNO and 1*NO/SN€O

to become the dominant product. The absorption at 209176 cm
shows a 1.022 44°CO/3CO isotopic ratio, and although this
band is overlapped bYCO absorption, a 1:1 doublet distribution
is strongly suggested i#1CO + NO experiments, indicating

isotopic ratios are much lower than the absorptions of the normal 3 molecule with one CO subunit. The bands at 1830.0 and
N—O stretching mode in end-on metal nitrosyls, but very close 1743.7 cni! show nitrosyl stretching frequency ratios, and the

to the absorption at 1236.8 crhand the 1.0189%*“NO/*°*NO
and 1.027775NO/*5N'80 isotopic ratios for Ma-(7?-N0O).1~6
These two bands are assigned to the Mn(G&NO) molecule.

mixed CO+ INO spectra in Figure 5 show that these bands
are 5.9 and 30.5 cmi, respectively, higher than the symmetric
and antisymmetric stretching modes of Mn(N@) an argon

This assignment is strongly supported by the DFT frequency matrix with the similal*NO/A3NO isotopic multiplets appropri-

calculations presented in Table 3. The stretching modes-@ C
and N-O for ground3A’ state Mn(CO)§?-NO) are predicted
to be 1973.6 cm! with 1.023 97'3C isotopic ratio and 1293.7
cm! with 1.016 98 5N isotopic ratio, respectively. The
deviations of isotopic ratios for each mode are only 0.03% (
COMCO and™NO/NO), indicating the calculations reproduce
the experimental values extremely well.
Mn(CO)»(NO) and Mn(CO)(NO),. The 1933.5 cm! band

tracks with weaker 1992.8 and 1722.9 ¢habsorptions, and
these three bands can be assigned to Mn{{@). These bands

ate for three equivalent nitrosyl subgroudp&ccordingly, the
2091.6, 1830.0, and 1743.7 chbands are assigned to the-O
and N-0O stretching modes in the Mn(CO)(N£jolecule with
Cs, symmetry, respectively.

The 2091.6, 1830.0, and 1743.7 chbands are very close
to the observations of Crichton and Rédbr Mn(CO)(NOX
at 2091, 1829, and 1742 cry but there is no report of lower
modes for this molecule. Four lower frequency bands at 666.8,
640.2, 542.5, and 446.6 crhtrack very well with the three
upper bands. The 666.8, 640.2, and 542.5thands exhibit

increase after annealing to 20, 30, and 35 K, slightly decreaseno carbon but clear nitrogen isotopic shifts with quartet

afterA > 470 nm andl > 240 nm photolysis. The 1933.5 ct
band shifts to 1891.1 cm in 13CO + NO experiments with
1.022 4212COM3CO isotopic ratio, and shows a 1:2:1 triplet in
1210 + NO experiments. The 1973.0 cihband likewise
shifts to 1924.8 cm! with a 1.025 08 ratio. The 1722.9 crh
band shifts to 1688.4 cm in CO + *1™NO experiments with
1.019 94*NO/SNO isotopic ratio, and exhibits 1:1 doublet in
CO + INO spectra. Accordingly, two carbonyl and one
nitrosyl subunits are involved in this molecule.

A weak band observed at 2063.3 chafter annealing to 20,

multiplets in?41NO 4 CO experiments, and are due to MN
antisymmetric stretching, MNNO bending and N symmetric
stretching modes. The weak band at 446.6 ishows both
nitrogen and carbon isotopic shifts, and appears to be due to a
C—Mn—N stretching mode.

The DFT calculation of frequencies and vibrational mode
assignments for the Mn(CO)(N@inolecule and the observed
frequencies are summarized in Table 4. The calculation predicts
very strong symmetric and antisymmetric stretching-Ql
modes and €0 stretching mode, as well as weak MN

30, and 35 K decreases with broad band photolysis. This bandstretching and MaN—O bending modes, and the calculated
tracks with a 1699.8 crt absorption, and these two bands have intensities are in very good agreement with the observed

very similar isotopic ratios with Mn(CQNO), but 1:1 doublet
121320 + NO spectra and 1:2:1 triplet C® 41NO spectra

absorbances. The calculated-® stretching modes are 12.0
and 32.8 cm? higher than the observed values, but the@

indicate that one CO and two equivalent NO subunits are stretching mode is underestimated by 63.6 trifhere appears
involved. These two bands are assigned to the Mn(CO){NO) to be a systematic overestimation of- stretching modes

molecule.

but underestimation of €0 stretching modes modeled by the

Similar DFT calculations were done for these two molecules, BP86 method for the manganese carbonyl nitrosyls. However,
and results are listed in Tables 2 and 3. The calculations the predicted isotopic ratios for both-ND and C-O stretching
reproduced very well the observed isotopic ratios. The predicted modes are very close to the experimental results. The frequency

N—O stretching modes are about 10 dmhigher than the
experimental values, and the calculated@stretching modes
are 67.7 cm? lower in the Mn(CO)(NO) molecule, and 20.6
and 18.7 cm? higher in Mn(CO)(NO), than the experimental
observations.

Mn(CO)(NO)[NQ] . A new 1322.1 cm! band increased on
annealing, disappeared almost completely Jorr 470 nm
photolysis, but increased dn> 240 nm photolysis. This band
showed nd3CO isotopic shift, but shifted to 1299.1 ¢ and
exhibited 1:1 doublet pattern in C@ 1*1NO spectra and

calculation for Mn(CO)(NQj also predicted the MnN stretch-
ing mode at 711.2 cmt with 1*NO/5NO isotopic ratio 1.019 88
and Mn—NO bending modes at 679.3 and 569.4¢with 14
NO/SNO isotopic ratio 1.008 76 and 1.025 95, respectively,
which match well the experimental observations. The predicted
483.1 cn! band has 1.016 8#CO/3CO ratio and 1.013 43
NO/MSNO ratio, which are very close to the observed @n—N
stretching mode at 446.6 crhwith 1.01477 and 1.01339 ratios.
Mn(CO)(NO);[NO]. The 1504.6 cm! band increased on
annealing but decreased on broadband photolysis. This band
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shifted to 1477.8 cmt with 1*NO/>NO isotopic ratio 1.017 70,
and to 1439.1 cm' with N0 with SNO/SNO ratio
1.026 89, and showed 1:1 doublet pattern in @O41NO
spectra, indicating one unique NO subunit involved. This band
tracks with bands at 2104.6, 1771.0, and 1728.0cmhese
four bands agreet{1 cn 1) with four bands observed on 550
640 nm photolysis of Mn(CO)(NQ@)n solid argon'! The 2104.6
cm~1 band shows the approprid® O/A3CO ratio for a carbonyl
mode. The 1771.0 and 1728.0 chbands are slightly higher
than the symmetric and antisymmetric-® modes for Mn-
(NO), (1744.7 and 1693.0 cm).2 The 1504.6 cm! band is
also higher than the mode for side-bound NO in Mn(CO)[NQ]
observed here at 1257.8 ch Crichton and Rest identified this
molecule as Mn(CO)(NQJNO)* with a different bonding
arrangement for (NO)* than the conventiom&NO bonding!!

We found a stable structure by DFT, 28.4 kcal/mol higher than
Mn(CO)(NOY), with the diagnostig;>-NO frequency computed
slightly low at 1471.1 cm!. In addition, the othem?-NO
complexes we have characterized here support this bonding
arrangement for Mn(CO)(NGNO].

Mn(CO) 4(NO). Weak bands produced at 2028.1, 2024.1, and
2021.6 cm! and at 1986.3, 1984.4, and 1982.2 ¢non

annealing decreased slightly on each photolysis and increaseoﬁ
more on each subsequent annealing (Figure 1). These band%lr

reached 40% of the 2091.6 cfcarbonyl mode of Mn(CO)-
(NO); on 40 K annealing. The above site split bands agree
(within 1 cnT1) with site split bands reported for an authentic
sample of Mn(CQO)NO) in solid argo#? and are near the 2020
and 1996 cm?! gas phase fundamentéldNote that both bands
formed triplet absorptions witPFCO/A3CO suggesting antisym-
metric C-O modes of the axial and equatorial carbonyl pairs.
In addition, a very strong gas phase band at 653'csnggests
like assignment of the 649.6 crhband, which has the same
photolysis and annealing behavior. Again, diffusion and reaction
of CO and NO on annealing forms another saturated carbonyl
nitrosyl.

OMNNCO. A set of weak high-frequency bands at 2250.8,
2245.7, 2238.2, and 2230.4 ciexhibited unique photolysis
and annealing behavior (Figure 4) and the 2250.8cband
tracked with the sharp 867.8 cthband in the low-frequency
region. The high-frequency bands show much higheO/3-
CO ratios (1.02741.0278) than a normal carbonyl vibration
and small NO/SNO ratios (1.00551.0061); these ratios
characterize an antisymmetric carbon motion slightly involving
nitrogen. Mixed'?CO + 13CO and™NO + 5NO experiments
show only isotopic doublets indicating the involvement of just
one C and one N in this vibrational mode. The 867.8 thand
shows nat3CO nor!5NO shift but a largé>N80 shift to 825.9
cm™1, which is characteristic of a terminal MO motion
(867.8/825.9= 1.050 49) (the 16/18 ratio for MnO is 1.0457).
Thus, the OMnNCO structure was suggested to account for this
unusual vibrational motion.
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TABLE 5: Summary of the Atomic Charges, MnCO Angles,
and C—O Frequencies in a Series of (NQMnCO Molecules

vc-0 (Cmfl)

molecule Owin gc [OMnCO calcd exptl
Mn(CO) CA") —0.003 0.118 166.7 1951.6 1933.6
Mn(NO)(CO) €A) 0.195 0.169 172.7 1934.4 1945.7
Mn[NO](CO) A") 0.136 0.241 178.2 1973.6 1960.7
Mn(NO),(CO) (“A")  0.177 0.189 177.1 1995.6 2063.3
OMNCO €2) 0.179 0.281 180.0 2026.4 20825
NMnO(CO) €A") 0.234 0.311 1799 2085.7

aReference 22, argon matriXReference 36.

higher than the antisymmetricNC—O mode for'fOMn>NCO
but lower for®fOMn!SNCO owing to the largé®0—Mn isotopic
shift.

The reaction of one metal atom, CO, and NO to produce the
metal isocyanate is relevant to the reaction of CO and NO on
supported metal catalyst systems to remove CO and NO from
auto exhaust¥®> These absorptions vary between 2170 and
2310 cnr! depending on the suppd#,3* but the2COACO
(1.0263) and“NO/SNO (1.0044) isotopic ratios for the 2262
m-1 band? on CrO4s/Al,Os; are very close to the values
bserved here for different OMnNCO trapping sites in a solid
gon matrix. It has been shown that NCO bonded to metal
oxides absorbs in the 228@240 cnt! regionl*32-34 and the
OMNNCO species observed here fits into that pattern. This work
shows that one metal atom is capable of forming a complex
with CO and NO, which can ultimately rearrange to the
isocynate OMNNCO (reactions-4 below). Clearly, the reaction
with 15N80 labels the metal oxide and demonstrates that metal
insertion into NO, a reduction process, is involved in the reaction
mechanism.

Bonding Considerations.lt is interesting to compare the
Mulliken charge distributions, the MnCO bond angles, and CO
stretching vibrations of MnCO subunits in the series of
complexes in Table 5. For bent structures of the complexes,
the MnCO bond angles and CO stretching vibrations are
increased as the Mulliken charge distributions of manganese
atoms become more positive. The MnCO molecule is calculated
to have a sextet ground state in our recent study, which is
confirmed by matrix isolation spectra in both argon and n@on,
though MnCO was believed to have a quartet ground state from
earlier DFT studie$® Clearly the MNnCOPA’ state correlates
with the manganese atom with a®8&” configuration, which is
not bound strongly to CO since there is an essentially repulsive
interaction between theoSorbital of CO and doubly occupied
4s orbital of Mn atom. Thes repulsion is decreased if the
hybridized 4s 4p polarizes away from C®, and the bent
structure of MnCO is obtained; however, hybrid DFT calcula-
tions find MnCO to be linea#? The calculated MnCO ground
state is benfA’ using BP86 and lined1 using B3LYP?Z2 This
o repulsion is reduced in MACO compounds by decreasing

Our DFT calculations predict a linear OMnNnNCO molecule the electronic population in the 4s orbital through coordination

(°) with a very strong antisymmetric-NC—O mode at 2235.6
cm~t and a weak Ma-O mode at 839.7 cni. The frequency

of NO ligands or combination of nitrogen and oxygen atoms to

the manganese center. Linear OMnCO illustrates this §&int.

positions match very well, but the calculated isotopic frequency As shown in Table 5, except for Mn(NO)(CO) the MEO

ratios (1.028 57, 1.005 08) clinch the assignment. The higher
frequency band has slightly 1e3%CO shift (60.3 cm?) than
calculated (62.1 cmi) but slightly more'®>NO shift (13.4 cnm?)

than computed (12.3 cm). The lower frequency mode is
calculated to have a 1.043 8%0/180 ratio, somewhat lower
than the observed value. It is interesting to note thatiNétO
counterparts of the antisymmetric\C—O mode show a small
(~1 cnm?) blue shift. This is due to Fermi resonance with the
combination band of ©Mn and symmetric NC—O modes,
which falls in this region. Apparently the combination band is

bond angles increased as charge on the center manganese
becomes more positive. In addition, thdack-donation is also
reduced from more positive Mn centers, and more electron-
poor Mn centers produce higher CO stretching frequencies.
Reaction Mechanismsin our previous investigations, MnCO
and MnNO were not observed after matrix deposition, but they
appeared on annealifg?however, the more strongly absorbing
Mn(NO), species is detected after depositfofihe carbonyl
nitrosyl Mn(CO)(NO) is barely detected after deposition and
increases on the first annealing. The more reactive MnCO and
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MnNO intermediates are coordinated by NO and CO, respec- Mn(CO)(NO),(*A") + NO(IT) — Mn(CO)(NO)[NO]
tively, giving Mn(CO)(NO). Reactions 1 and 2 are exothermic AE = —46.3 kcalimol (9)

by 48.3 and 25.4 kcal/mol, respectively, based on B3P86/6-

311+G(3df) calculated energies (BP86/6-31G* energies give Three manganese carbonyls with side-bonded NO have been
—47.7 and—14.1 kcal/mol, respectively). observed here and th@-NO frequency increases from 1257.8

) to 1322.1 to 1504.6 cnt on the addition of;-NO group(s) as
MnCO(A") + NO(IT) — Mn(CO)(NO)FA) less electron density is available for back-bonding;eNO

AE = —48.3 kcal/mol (1) from the manganese center.
Although the NMnO insertion product increased 5-fold on

MnNOCA") + CO(E") — Mn(CO)(NO)EA") ultraviolet photolysis in our Mn/NO experimeritshe side-

AE = —25.4 kcal/mol (2) bound Mn[NO] complex also increased in 0.4% NO experi-

ments. Howeverl > 470 nm photolysis performed here after

The Mn(CO)[NO] absorption bands are produced on visible (30 K annealing increased Mn[NO] without changing NMnO,
> 470 nm) photolysis at the expense of Mn(CO)(NO), but but increased Mn(CO)[NO] and OMnNNCO at the expense of
destroyed by full arc A > 240 nm) photolysis, giving the ~ Mn(CO)(NO). After 35 K annealing, Mn[NO], Mn(CO)(NO)
insertion product OMnNCO, which is a higher energy species. and Mn(CO)[NO] all decreased oh> 470 nm photolysis in
Reactions 3 and 4 are of considerable importance in the catalyticfavor of NMnO and OMnNCO.
reduction of the N@ species to N and Q. The experiment
with 18N80 shows that reduction of nitric oxide occurs to give Conclusions
18B0Mn!SNCO. The NO dissociation on metal surface (Co, Ni,
Rh, Ru, and Ir) have been discussed in défait* A two-step
process has been described, which appears to involve forming
a dissociation side-on NO intermediate to metal center at low
temperature, and then cleaving the-® bond at higher
temperature. As discussed alreddfe insertion intermediate
NMnO increases on broadband photolysis at 10 K.

The reactions of laser-ablated manganese atoms with CO and
NO mixtures during co-deposition, and further reactions on
annealing and photolysis, are investigated. The bands at 1945.7
and 1704.5 cm! increased on sample annealing and are
assigned to the CO and NO stretching modes of the unsaturated
Mn(CO)(NO) complex based on tHéCO, 15NO, and!®N180
isotopic shifts, and the spectra of isotopic mixtures. The

, observed spectra are reproduced within-12 cnt! by DFT/
Mn(CO)[NO](3A ) BP86 frequency calculations. The Mn(CO)(NO) complex leads
AE = 8.1 kcal/mol (3) to Mn(CO)@7?-NO) on visible photolysis, which gives the-ND

A > 470 nm

Mn(CO)(NO)EA")

3.0 A>240nm insertion product isocyanate, OMnNNCO, with further ultraviolet
Mn(CO)INO]('A") ——— OMNnNCO(%) photolysis.
AE = 26.7 kcal/mol (4) The Mn(CO)(NO), Mn(CO)(NO)[NO], and Mn(CO)NO)

complexes were also produced on annealing and identified from

The unsaturated Mn(CO)(N@and Mn(CO}(NO) complexes  13CO and!SNO isotopic shifts and DFT calculations. The former
are produced on annealing. Itis interesting to note that reactionisomers rearrange on visible and ultraviolet photolysis. The
5 is less exothermic than reaction 6, although NO with one gtaple 18-electron Mn(CO)(N@)nolecule becomes the domi-
unpaired electron in a* orbital is more reactive than CO in nant product on further annealing; the MN, CMnN stretching,
most cases. It is possible thatantibonding repulsion in Mn- 4n4 MnNO bending modes of this molecule are reported here,
(CO)(NOR frqm the & MO of NO and th? QOrbnaI of the as well as strong carbonyl and nitrosy! stretching modes are in
metal center is very strong, which partly eliminates the electron agreement with early work. The side-on isomer Mn(CO)(NO)
pairing energy fromz* and Mn 3d,. Another Mn(CO)(NO) [NOJ is also formed on annealing
isomer, involving side-on coordination of one NO, namely Mn- In addition to Mn[NO] and Mn[Ndj, mixed CO, NO samples

(CO)(NO)[NOQ] is formed on annealing and almost destroyed form three man . . . "
: o ganese carbonyl nitrosyls involving side-on
by 2 = 470 nm photolysis, which increases Mn(CO)(NO) bonding of NO. Since the side-on arrangement can serve as a

bands. Ultraviolet photolysis reverses this process. precursor for the insertion reaction that clearly leads to reduction

, 2y YIS of NO and formation of the isocyanate OMnNCO, manganese
Mn(CO)(NO)(SA ) = NO(II) = Mn(CO)(NO)L('A™) may be useful for the catalytic reduction of NO in automobile

AE = —24.8 kcal/mol (5) exhaust gases.

Mn(CO)(NO)EA') + co(=") — Mn(CO)Z(NO)(SA") Acknowledgment. We gratefully acknowledge NSF for
AE = —30.4 kcal/mol (6) support of this research under grant CHE 97-00116, San Diego
Supercomputer Center for computer time, and B. Liang for

Mn(CO)(NO), 4> 240 nm Mn(CO)(NO)[NO] @) assistance with several experiments.

A>470nm
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