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/. Introduction 
Metal carbonyl complexes are among the most photo-

reactive transition metal complexes known, and the pur
pose of this article is to acquaint the reader with results 
related to the photochemistry of metal carbonyls and 
their derivatives. Reviews of metal carbonyls are numer
ous,1 but only a few deal specifically with excited-state 
processes.2 -5 We review here all metal carbonyl photo-
processes including electronic absorption phenomena, lu
minescence, nonradiative decay, energy transfer, and 

chemical reaction. The use of light as a synthetic tool in 
this field became important in the late 1950's and early 
1960's, and the last substantial review of the photochem
istry appeared in 1969,2 This paper centers on develop
ments since that t ime, but emphasis is on a critical eval
uation of all published material and enough data are pre
sented to establish some generalities. 

Metal carbonyls are known for numerous low-valent 
metals; four-, five-, six-, and seven-coordination are 
found; and formal tin configurations include largely d4 , 
d5 , d6 , d 7 , d8 , d9 , and d 1 0 . Table I lists the elements 
whose carbonyl complexes have been the object of pho
tochemical investigations (vide infra). At the present 
time, correlations between electronic structure and reac
tivity are in primitive stages of development so I have 
organized the material according to the central metal in
volved. The first section describes the work with group Vl 
metal carbonyls since this group is the most well studied 
and can be used to illustrate several important concepts 
and generalities. The subsequent sections deal with the 
group V, group V I I , and group VIII metal carbonyls in the 
order found in the periodic table. 

It is widely believed that the bonding between CO and 
a metal is a combination of <r- and 7r-bonding.6 De rea l i 
zation of 7r-d electrons from the central metal into the IT* 
CO orbital gives rise to 7r-back-bonding, and overlap of a 
symmetry orbitals of the metal and CO yields a strong <r-
donor interaction for the CO as diagrammed in I. The rel-

:lqo 

bonding M-CO 

ative importance of a and ir interactions are difficult to 
assess, but one generally associates stronger 7r-back-
bonding with lower valent metals which have a greater 
tendency to delocalize electron density into the ligand. 
Thus, we associate stable carbonyl complexes with low-
valent metals. As a consequence of the large degree of 
dereal izat ion of the electrons from the central metal into 
the ligand, these compounds are highly covalent. There
fore, electronic transitions involving these electrons 
should yield substantial changes in bonding, providing a 
general rationale for the extreme photosensitivity of the 
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TABLE I. Elements Known to Form Photoreactive 
Carbonyl Complexes 

Group V Group Vl Group VII Group VIII 

V 
Nb 
Ta 

Cr 
Mo 
W 

Mn 

Re 

Fe 
Ru 
Os 

Co 
Rh 
Ir 

Ni 

compounds. For d " cases where n = 1-9, one expects 
the possibility of ligand field (LF) absorptions as well as 
charge-transfer (CT) transitions involving CO and the 
other ligands and the central metal. For some ligands 
one also must contend with the probability that intrali-
gand excited states could be achieved. 

The dominant photoreaction of M(CO) n L* complexes 
is ligand substitution of either L or CO (eq 1 and 2). 

M(CO)nLx 

M(CO)nL, 

hv 

hv 

T 

M(CO)n^YLx + CO 

- M(CO)nLx.,Y + L 

(D 

(2) 

While oxidative addition to photogenerated coordinatively 
unsaturated intermediates is common, there appears to 
be no definitive data that show that either photooxidation 
or photoreduction is a primary photoprocess upon uv or 
visible excitation. The photoassisted reaction of coordi
nated ligands is an area of importance, common reactions 
being either intramolecular rearrangements of L (eq 3) or 

M(CO)nL - ^ * M(CO)nL' (3) 

addition with molecules in the medium (eq 4). One can also 

L' 
M(CO)nL M(CO) nL-L ' (4) 

envision reactions involving the incorporation of CO into 
the ligand L. An emerging class of photoreactions of metal 
carbonyls is the fragmentation reactions of clusters as 
indicated in eq 5. 

[M(CO)xJn M(CO)x + [M(CO)Jn., (5) 

//. Chromium, Molybdenum, and Tungsten 
Carbonyls 

A. Geometrical Structure 
The commonly known carbonyls of Cr(O), Mo(O), and 

W(O) are six-coordinate octahedral complexes, M(CO)6 .7 

Other stable complexes containing only the central metal 
and CO include the dimers M2(CO)1O2 - having a single 
M-M bond.8 Numerous compounds of the M(CO) n ( L ) 6 . n 

variety have been prepared, many photochemically.2-5 

Complexes which are formally seven-coordinate are 
also found.9 A typical example is the dimeric complex 
Mo2(CO)6(TT-C5Hs)2 (H)- Assuming 7T-C5H5 (Cp) to have 
a negative charge and to be a six-electron donor occupy
ing three coordination sites, the central metal is in the 
+ 1 oxidation state. In complex I I I , though, it is appropri-

(CO)3Mo-Mo(CO)3 

^ ^ J 
O C - M o — C l 

/ \ 
CO CO 

ate to identify the central metal as being in a + 2 oxida
tion state. Other complexes involving the + 2 oxidation 
state are clearly seven-coordinate as exemplified by 
species such as [W(CO)2 (d iars)2 ( l ) ] l and Mo(CO) 3 (L) I 2 

(L = bidentate l igand).10 Finally, seven-coordinate com
pounds of the type [W(CO) 3 (d iars)Br 2 ] + can be ob

tained.10 Thus, for the zerovalent metal complexes, six-
coordination is common while for the + 1 , + 2 , and + 3 
oxidation states seven-coordination is found. Important 
work in the area of excited-state chemistry involves the 
six-coordinate compounds and 7r-cyclopentadienyl com
plexes like Il and I I I . 

B. Electronic Structure 

Complexes of the general formula M(CO)n(L)6-N have 
been given the most attention regarding electronic struc
ture. The band position, intensity, and likely assignments 
for the electronic transitions for several types of Cr, Mo, 
and W carbonyls are set out in Table I i . 1 1 - 2 7 Generally, 
the complexes exhibit a number of intense (e > 102) 
transitions in the uv-visible region which are associated 
with LF and M-*L and L—"M CT absorptions. Intraligand 
absorptions are indicated in several cases. The com
plexes of d 6 configuration are invariably diamagnetic. 

Spectra for the M(CO)6 (M = Cr, Mo, W) compounds 
were determined early,28 and the lowest energy absorp
tion at ~30,000 c m - 1 was assigned as the 1 A 1 g —- 1T-|g 

LF absorption. The band appears only as a shoulder on 
the more intense M—*7r*C0 CT absorption at ~35,0000 
c m - 1 . The second LF band, 1A1 g —*• 1T2 g , predicted for 
d6 Oh complexes, can be observed in the vicinity of 
~37,500 c m - 1 for the M(CO)5 species. The most in
tense transition at ~43,000 c m - 1 is assigned as a sec
ond component of the M—»-7r*C0 CT absorption. In later 
studies,11 including the isoelectronic V ( C O ) 5

- , 
Mn(CO) 5

+ and Re(CO) 5
+ the same assignments were 

made except for one band at an energy below the 1A1 g 

— 1T1 g absorption having e ~ 1 0 0 0 for W(CO)6 , e 350 for 
Mo(CO)6 , and not present in the Cr(CO)6- This low-ener
gy absorption was identified as the lowest LF spin-forbid
den singlet —» triplet transition, 1 A i g —* 3T1 g . Spectra of 
M(CO)6 in the low-energy region are shown in Figure 1. 
The enhanced intensity of the 1A1 g —»• 3T1 g transition with 
increasing atomic weight of the central metal is expected 
owing to the larger spin-orbital coupling in the heavier 
metal.29 The constancy of the value of 1 0 D Q of Cr(CO)6 , 
Mo(CO)6 , and W(CO)6 is due to a balancing of dimin
ishing tr-bonding and increasing 7r-bonding for the heav
ier metal system.11 While it has been argued30 that all of 
the bands in these complexes are CT absorptions, the LF 
treatment provides the best rationale for the band posi
tions including the lowest singlet —» triplet absorption. 
Further, the LF approach accounts well for the observed 
spectral changes occurring upon substitution to yield 
M(CO)5(X) and M(CO)4 (X)2 (vide infra). Finally, the 
intensities of the LF transitions are uncommonly large 
because of the high degree of covalency in these mole
cules; i.e., the molecular orbitals have substantial contri
bution from both metal and ligand atomic orbitals tending 
to remove restrictions associated with the intensity of 
" d - d " transitions. 

The one-electron energy level diagram for M(CO)6 is 
shown in Scheme I. The ground electronic state, 1A1 g , 
has a t 2 g

6 electronic configuration and the one-electron 
excitation to t 2 g

5 e g
1 yields the 1 , 3 T 1 g and 1 , 3 T 2 g excited 

SCHEME I 

O9) ± ^ (o') 

t 
10Dq 

I 
(t2g) ^ ^ ^ (;:„) 
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TABLE II. Electronic Transitions in Chromium, Molybdenum, and Tungsten Carbonyls 

Complex 

Cr(CO)8" 

Mo(CO)6" 

W(COV 

Cr(CO)5* 

Mo(CO)6
6 

W(CO)S* 

Cr(CO)6-
(pyridine)" 

Cr(CO)6PPh3 

Cr(CO)6-
(piperidine)"* 

Mo(CO)5-
(PPh3)'' 

Mo(CO)5-
(pyridine)" 

Mo(CO)6-
(piperidine)d 

W(CO)5-
(pyridine)d 

W(CO)6(ETsNH)" 

W(CO)6-
(cyclohexyl-
amine)d 

W(CO)6-
(acetone)'' 

W(CO)6(Et1O)"1 

W(CO)5-
(l-pentene)"* 

W(CO)6(PPh3)'
4 

W(CO)5(frans-4-
styrylpyridine) 

W(CO)6(frans-2-
styrylpyridine) 

C(S-W(CO)4 

(pyridine^" 

Bands, cm - 1 («) 

29,500 (700)\ 
31,550(2670)/ 
35,700(13,100) 
38,850(3500) 
43,600(85,100) 
28,850(350) 
30,150 (1690)\ 
31,950(2820)/ 
34,600(16,800) 
37,200(7900) 
42,800(138,000) 
28,300(1000) 
29,950(1680)1 
31,850(3250)/ 
34,650(17,600) 
37,100(7400) 
43,750(208,000) 
18,450(3200) 
42,194(39,500) 
22,990(3300) 
40,820(20,000) 
22,727(6300) 
42,194(63,500) 
25,640(5600) 
41,322(34,700) 
27,855(1400) 
23,810(3500) 
40,000 

~29,200 
~32,260 

32,740(3100) 
25,975(6600) 
41,150(58,000) 
25,130(5000) 
39,680(58,000) 
22,700(630) 
25,975(6900) 
22,800(730) 
24,875 
22,800(520) 
24,875 

22,200(910) 
24,630 (5100) 
21,930 
23,920 

~25,975(~550) 
27,780(1530) 
33,000(7900) 
27,500(400) 
28,800(2200) 

~22,800 (5670) 
24,500(7870) 
31,650(16,346) 

~22,800 (1230) 
25,130(4800) 
31,850(17,900) 
21,600(4740) 
24,200 (9370) 
27,170(7820) 

Assignment 

1 A 1 8 - 1 T i 8 

1 A i 6 — C1T1U 
1 A i 8 - 1 T 2 , 
1A18^d1T111 
1 A 1 8 - 3 T 1 8 

1 A 1 8 - 1 T 1 8 

1Ai8 — C1Ti11 
1 A i 8 - 1 T 1 8 

• A ^ - d ' T i u 
1 A i 8 - 3 T i 8 

1 A 1 8 - 1 T 1 8 

1 A 1 8 — C1TiU 
1 A i 8 - 1 T 2 8 
1 A 1 8 -d 'T iu 
1A1 -

1 E t ? ) 
M-TT*CO CT 
1A 1 - 1E(T) 
M—r*CO CT 
1A1 -

 1E(T) 
M-T+CO CT 
1A 1 - 1E(T) 
M-TT*CO CT 
1A 1 - 1E(T) 
1 A 1 - 1 Et?) 
M-77*COCT 
1A 1 - 1E(T) 
? 

? 
1A1 —

 1E 
M-TT*CO CT 
1Ai — 1E 
M-TT*CO CT 
1 A i - 3 E 
1Ai — 1E 
1Ai — 3E 
1 A i - 1 E 
1 A i - 3 E 
1A1 —

 1E 

1Ai — 3E 
1A1 —

 1E 
1Ai — 3E 
1A1 —

 1E 
1 A i - 3 E 
1 A 1 - 1 E 
? 
1A1 —

 3E 
1 A 1 - 1 E 
1A1 —

 3E 
1 A 1 - 1 E 
lntraligand n-ir* 
1A1 —

 3E 
1Ai — 1E 
lntraligand ir-r* 
LFOAi - 3 Ai 1

3 B 2 ) 
LF( 1 Ai - 1 A 1 , 1B2) 
(?) 

Ref 

U 

11 

11 

12 

12 

12 

13 

14 
13 

15 

15 

13, 15 

16,17 

16,17 

17 

17 

16 

19 

18 

20 

20 

20 

Complex 

Cr(CO)4(phen)«.» 
In cyclo-

hexane 
InCH3CN 

Mo(CO)4(phen)» 
In cyclo-

hexane 
InCH3CN 

W(CO)4(phen)e 
In cyclo-

hexane 
InCH3CN 

Cr(CO)3-
(benzene) 

Cr(CO)3-
(aniliney 

Cr(CO)6-
C(OC2H5)CH3'' 

W(CO)6-
C(OC2H6)CH3'' 

Cr(CO)4-
(ethylene-
diamine)" 

Mo(CO)4-
(ethylene-
diamine)0 

W(CO)4-
(ethylene-
diamine)"= 

Cr(CO)3-
(mesityleney 

Mo(CO)3-
(mesityleney 

W(CO)3-
(hexamethyl-
benzene)" 

(benzene)-
Cr(CO)2-
(pyridine) 

(benzene)-
Cr(CO)2-
(frons-4-
styrylpyridine)'' 

Bands, c m - 1 (0 

16,950 (~5000) 
21,370 (~5000) 
37,370 (46,600)'= 

18,100 (~6300) 
22,630 (~6300) 
37,470(52,500)-= 

17,640 (~8000) 
21,980 (~8000) 
37,380(48,900) 

~26,620 
31,220 

~38,500 
~26,000 
~31,000 (12,600) 
~38,500 

26,525(5400) 
31,095(6000) 
41,102(26,700) 
26,961(7300) 
28,629(7300) 
35,162(2000) 
41,528(56,700) 
23,600(1300) 
29,700(5360) 
35,500(6300) ] 
40,300(18,20O)!' 
46,200(21,900)] 
25,300(1700) 
32,700(10", 000)1 
38,300 (20,000)[ 
43,400(20,00O)J 
22,200 (400) 
25,200(1400) 
33,200(8300) 1 
39,200(27,900)!-
45,000(27,70O)J 

~32,000 (12,600) 
38,500 
45,450 
31,750(8300) 
34,700 
39,500 
43,500 
24,400(563) 
30,800(15,000) 
34,700(6500) 
42,000 (~1500) 
20,200 

16,340 

Assignment 

M-TT* CT 
M-T* CT 
lntraligand 7T -T* 

M-TT* CT 
M-Tr* CT 
lntraligand *• — T * 

M-TT* CT 
M-Tr* CT 
lntraligand T — T* 
LF(?) 
M-arene CT 
M-TT* CO 
M-T* CO 
LF(?) 
M-arene, ?r*CO 
M-T* CO 
(?) 
(?) 
M-T+CO 
(?) 
(?) 
(?) 
MM—T*CO 

L F ( 1 A i - 1 A L 1 B 2 ) 

M - T * C O CT + LF 

LF( 1Ai- 1A 1 1
1B 2 ) 

M-TT*CO CT + LF 

LF( 1 Ai- 3 Ai 1
3 B 2 ) 

LF( 1Ai- 1A 1 1
1B 2 ) 

M - T * C O CT + LF 

M-arene, T * C O 

M - T * C O 

M - T * C O 

M-arene, TT*CO 

M-7T*CO 
M-7T*CO 
M - T * C O 

LF(?) 
M-arene, T * C O 

M-7T*CO 

M - L C T 

M - L C T 

Ref 

21,22 

21,22 

21,22 

23,25 

23,25 

27 

27 

21 

21 

21 

24,25 

25 

26 

24 

24 

° Acetonitrile solution, 300°K.b Rare gas matrices, 200K. •= Methanol solution, ambient. d lsooctane or other aliphatic hydrocarbon 
solution, ambient.e Benzene solution, ambient. > Ethanol solution, ambient. " phen = 1,10-phenanthroline. 

states.31 These one-electron excitations can result in dra
matic changes in the substitutional lability of M(CO)6 

since both tr-bonding and 7r-bonding are diminished by 
depopulation of t2g(7rb) and population of eg(u*).32 

Reducing the symmetry of the system from On to at 
least Cu- substitution to form M(CO)5(X) complexes 
causes changes in the one-electron energy levels.33 

Since CO lies so high in the spectrochemical series34 it is 
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Figure 1. Electronic absorption spectra of 0.55 X 10~4 M 
Mo(CO)6 (top) and 0.80 X 10"4 M W(CO)6 (bottom) in EPA at 
770K. Note the presence of the band at 28,900 c m " ' in W(CO)6 

not observed in Mo(CO)6 which is identified as the spin-forbid-
1I transition (ref 11); see Table 

yr\ 
» * * 

. fcr'E 

i 

\ \ 
\ \ \ \ 
\ I \ \ \ \ \ \ \ \ 

\ V \ v.. \ 

I 

— 

1 A * 

W(CO)5(NHEt2) 

Mo(CO)5(NHEt2) 

" 

Wavelength, nm 

Figure 2. Electronic absorption spectra of W(CO)5(NHEt2) 
( ) and Mo(CO)6(NHEt2) ( ) in aliphatic hydrocarbon so
lution. The intense band (« ^ 5000) in the vicinity of 400 nm is 
identified as the 1A1 - • 1E (e4b2

2 -» e3b2
2ai1) spin-allowed 

transition and the shoulder only observed for the tungsten com
plex is the corresponding spin-forbidden 1Ai —• 3E transition 
(ref 16 and 17). 

6 —» den 1A1g —* 3 Ti g (t2g 

Il for extinction coefficients. 300 400 500 

generally expected that substitution of CO to give 
M(CO)5(X) will result in a one-electron energy ordering 
like that shown in Scheme I I . Naturally, if the LF treat
ment is to hold, the splitting of bi and 'a i should depend 
on the ligand X, and experimentally this is verified by not
ing (Table II) that the first absorption band is sensitive to 
the nature of X, but for ligands having the same donor 
atom the first band is at about the same energy even 
though the ligand, X, may or may not have a low-lying 
excited state of its own; cf. acetone vs. ether and NH3 

vs. pyridine. For the available data the spectrochemical 
series is 
CO > alkene ~ PPh3 > pyridine ~ amine ~ oxygen-donor 

— 10Dg 
For W(CO)5( I -pentene) the first band appears at 
~27,780 c m - 1 , while for W(CO)5(NH3) the correspond
ing band occurs at ~24,875 c m - 1 . Thus, for the com
plexes studied, NH3 and alkenes represent the extremes, 
consistent with alkenes being good 7r-acceptor ligands 
and amines being only a-donor ligands. The one-electron 
energy levels in W(CO)5(1-pentene) are not substantially 
different from those in M(CO)6 , while for W(CO)5(NH3) 
the splitting of bi {<rXy*) and ai {az*) is enough to yield 
" local ized" antibonding character along the x and y axes 
or the z axis depending upon the excitation energy. As 
with the OH complexes the Ciu complexes exhibit an in
tense singlet —- triplet LF band only for the W species. In 
Figure 2 a comparison of the low-energy absorptions for 
Mo(CO)5(diethylamine) and W(CO)5(diethylamine) is 
shown. Generally, the spectral features of M(CO)5X are 
qualitatively similar to those for other d6 , Ct0 corn-

Figure 3. Comparison of electronic absorption spectra of W-
(CO)5(pyridine) ( ) and W(CO)5(frans-4-styrylpyridine) 
(---). See Table I for extinction coefficients. 

plexes.35 The lowest energy transit ion1 6 - 1 8 is the 
1 A 1 ^ b 2

2 ) —- 1 - 3E(e 3b 2
2ai 1 ) , but higher energy excita

tions have not been assigned. Higher energy excitations 
should populate both M—"L CT and LF states. 

SCHEME Il 

°1 °x 

a, =2 a / 

e •— 
b2 z^y 

The C4Ii M(CO)5 compounds have been studied in low-
temperature matrices,12 and the position of the first ab
sorption band is consistent with a LF interpretation. The 
band position is even lower than with nitrogen or oxygen 
donors since there is no ligand in the sixth coordination 
site. It is clear, though, that the LF splitting will be domi
nated by M(CO)5 when X is a weak field ligand in 
M(CO)5X since the M(CO)5 spectra are not dramatically 
different from the M(CO)5(amine) spectra, particularly 
for M = W or Mo. 

The M(CO)5(styrylpyridine) illustrates a situation where 
an intraligand transition obtains.20 In Figure 3 we show a 
comparison of the absorption of W(CO)5(pyridine) and 
W(CO)5(fra/7s-4-styrylpyridine). In the vicinity of 33,000 
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c m - 1 the styrylpyridine complex exhibits an intense ab
sorption with vibrational structure characteristic of the 
frans-stilbene-like chromophore. The red-shifted 1A1 —• 
1 , 3E absorption in the styrylpyridine complex may reflect 
some contribution from a M—*L CT absorption. 

A final class of C41. complexes merits attention. The 
"carbene" complexes M(CO)5C(OC2H5)R have low-lying 
absorption27 near that for the M(CO)5(amine) com
plexes, and the assignment of the lowest transition as the 
1A1 —*• 1 , 3E is attractive. However, a carbon donor is usu
ally found high in the spectrochemical series. If the LF 
assignment is correct, the fact that the first band is at 
such low energies reveals that the carbene is surprisingly 
weak in LF strength. The M—*L CT assignment is, thus, 
possible here. 

Disubstituted complexes M(CO)4 (X)2 have also been 
investigated. Data for only the cis geometry are available, 
and the lowest energy bands are again given the LF as
signments. The lowering of the energy for the first LF 
band (compared to M(CO)6) in c/s-M(CO)4(X)2 should 
be only slightly more than that of M(CO)5(X), while the 
shift for f/-ans-M(CO)4(X)2 should be substantially larg-
e r 33a,35b,36 -This fact may be used to rationalize differ
ences in frans- and CJs-M(CO)4X2 complexes. For exam
ple, c/s-Mo(CO)4(PEt3)2 is colorless while the trans iso
mer is yellow.37 The data for amine complexes in Table Il 
strongly support the notion that the first band in cis-
M(CO) 4 (X) 2 and M(CO)5X should occur at similar ener
gies, and the lowest bands have been assigned as 
LF. 2 1 ' 2 2 Only the W complexes exhibit the familiar shoul
der associated with the lowest singlet —*• triplet absorp
tion. Like the M(CO)6

1 1 and many M(CO)5(X) com
plexes, the bands for c/'s-M(CO)4(X)2 exhibit only a very 
modest solvent dependence.22 For the M(CO)4(phenan-
throline) complexes though, a very large solvent effect on 
the first transition is observed.22 The lowest energy ab
sorption band in these cases is identified as the M—"LT* 
CT band with LF transitions appearing only as shoulders 
at higher energy. The c/'s-M(CO)4(pyridine)2 spectra20 

more closely resemble the M(CO)4(ethylenediamine) 
spectra, rather than the M(CO)4(phenanthroline) spec
t ra . 2 1 ' 2 2 

The (arene)M(C0>3 complexes represent a final mono
nuclear system where some effort has been directed 
toward understanding electronic structural features. 
These complexes were recognized early25 as having an 
absorption band in the vicinity of ~38 ,500 c m - 1 which 
was said to be characteristic of the M-C bond in metal-
carbonyl-sandwich compounds. This band was later as
signed as the M—>-7r*C0 CT absorption, while the lower 
energy absorption maximum in the vicinity of ~31 ,000 
c m - 1 is assigned as a M—*arene CT.23 Some qualitative 
evidence in support of such an assignment can be gained 
by examination of the colors of the (arene)M(C0>3 com
plexes.38 For example, (benzene)Cr(CO)3 is yellow, 
(frans-sti lbene)Cr(C0)3 is red, and (anthracene)Cr(CO)3 

is violet-black. The energy of the onset of absorption in 
these compounds seems to be related to the energy of 
the first 7 T - ^ T * absorption39 in the arene group. Further, 
(c/s-sti lbene)Cr(C0)3 is only yellow while the trans-s\\\-
bene complex is red, again consistent with the ordering 
of the arene TT ~* IT* energies.39 Little work has been 
carried out with the Mo and W complexes, but examina
tion of a published spectrum2 6 of (hexamethylbenzene)-
W(CO)3 reveals enhanced absorption in the ~25 ,000 
c m - 1 region, perhaps reflecting the importance of direct 
singlet —* triplet absorption due to the large spin-orbital 
coupling associated with the central metal. Finally, one 
may suspect that LF absorption is important on the low-

4 0 0 5 0 0 6 0 0 
W a v e l e n g t h , nm 

Figure 4. Electronic absorption spectra of Mo(CO)5(cyclohexyl-
amine) (curve 1) and W(CO)5(cyclohexylamine) (curve 2) in 
aliphatic hydrocarbon solution and emission spectrum (curve 3) 
of the tungsten complex at 77°K. The molybdenum complex ex
hibited no luminescence (ref 16 and 17). 

energy side of the M—"arene CT band in (benzene) M-
(CO)3 since this is the region of the lowest LF bands in 
M ( C O ) 6 . " 

The monosubstituted complexes (arene)Cr(CO)2(X) 
are often highly colored with the first absorption energy 
being very sensitive to the ligand X, The ~ 4 0 0 0 - c m ~ 1 

red shift by changing X from pyridine to frans-4-styrylpyri
dine is consistent with a M—"X^* CT absorption. Even for 
X = acetylenic group the complexes are highly colored,40 

reflecting the ease of the M—*L CT absorption in these 
systems. One expects relatively low energy M—>-L CT in 
these systems because only two CO groups remain coor
dinated to the central metal to accept electron density 
and stabilize the low oxidation state. In this regard we 
note that (arene)Cr(CO)2X complexes for X = a-donor, 
Tr-donor are not particularly stable. 

C. Luminescence Studies 
Only a few papers dealing with luminescence of Cr, 

Mo, and W carbonyls have been published. It was found 1 6 , 1 7 

that complexes of the formula W(CO)5 (X), where X is an 
n-electron donor, will luminesce at 77°K either as the 
pure solid or in rigid glasses. The corresponding Cr and 
Mo complexes did not luminesce, or, at least, emission 
was not detectable under conditions used to determine 
spectra for the W complexes. The typical, structureless 
emission of W(CO)5(X) is exemplified in Figure 4. The 
lack of luminescence of the Cr and Mo complexes was 
correlated with the lack of an identifiable 1A-i(e4b2

2) —* 
3E(e3b2

2ai1 ) transition in absorption (c/. Table II). Emis
sion maxima, lifetimes, and some relative yields are set 
out in Table III for some W(CO)5(X) complexes. Since 
the emission overlaps the low-energy absorption band 
and the lifetime is ~ 1 0 ~ 6 sec, it seems reasonable that 
the emission be assigned as the 3E(e3b2

2ai1 ) —-
1Ai (e4b2

2) transition. Microsecond lifetimes are fairly typ
ical of heavy transition metal complexes for spin-forbid
den emission.4 1 - 4 4 

The emission quantum yield, $e , and the emission life
time, re, are related using eq 6 and 7. Using the Einstein 

nonradiative + "radiative 

"nonradiative + "radiative 

equation,45 the radiative rate constant can be estimated 
from the integrated absorption to the state from which 
emission occurs. Since the absorptivity only changes by 
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TABLE I I I . Luminescence of Tungsten and Molybdenum 
Carbonyl Derivatives 

A. C«„ 

Complex 

W(CO)5 

W(CO)5(EtNH.) 
W(CO)5(Z-BuNH2) 
W(CO)5(Z-PrNH5) 
W(CO)5(C-HxNH2) 
W(CO)5(Et2NH) 
W(CO)5(Me2NH) 
W(CO)5(piperidine) 
W(CO)5(Et2NMe) 
W(CO)5(Et3N) 
W(CO)6(n-Bu3N) 
W(CO)6(Me2NCH(CH3)Ph) 
W(CO)5(EtOH) 
W(CO)5(Z-PrOH) 
W(CO)6(t-BuOH) 
W(CO)5(Et2O) 
W(CO)6(acetone) 
W(CO)5(acetone-d6) 
W(CO)5(cyclohexanone) 
W(CO)5(pyridine) 
W(CO)5(2-methylpyridine) 
W(CO)5(2,4,6-trimethyl-

pyridine) 

B. C211 

Complex 

Complexes0 

Emission 
max, nm 

533 
533 
533 
533 
533 
533 
533 
533 
533 
533 
533 
533 

~535 
~535 
~535 

533 
538 

~535 
—535 

510 
~520 
~520 

COmPIeXeS11 

Emission max, 
c m - 1 X 1O-3 

EPA, Solid, 
77°K 298°K 

ReI *e 

1.0 
6.0 

12.0 

Se ± 
20%' 

T6 X 10«, 
sec 

0.92 
1.2 
0.65 
1.1 
5.1 
2.6 
3.1 

25.5 
9.7 
6.9 

15.5 
11.7 
6.6 
6.3 
7.1 
5.3 
5.7 
3.6 
2.5 
1.7 

11.7 

re X 10«, 
sec . 

15.62 15.16 0.081 13.2 

15.10 14.66 0.035 13.3 

15.31 14.93 0.036 12.5 

14.82 14.83 0.022 7.9 

0.85 
28.5 
48.3 
23.5 

Mo(CO)4(2,2'-bipyridine) 14.95 
Mo(CO)4(I1IO- 16.08 15.45 0.087 11.6 

phenanthrol ine) 
Mo(CO).(5-methyl-l,10-

phenanthrol ine 
Mo(CO)4(5-chloro-l,10-

phenanthroline) 
W(CO)4(2,2'-bipyridine) 14.70 
W(CO)4(IJO- 14.84 0.054 11.6 

phenanthrol ine) 
W(CO)4(5-methyl-l,10-

phenanthrol ine) 
W(CO)4(5-chloro-l,10-

phenanthrol ine) 
ciVW(CO)4(n-PrNH2) 18.52 d 
eis-W(CO)4(piperidine)2 18.35 d 
eis-W(CO)4(pyridine) 18.32 d 
W(CO)4- 18.31 d 

(ethy lenediamine) 

" References 16 and 17. Data for C4, complexes are for methyl -
cyclohexane solut ions at 770K.b Reference 49a.c Quantum yields 
measured in EPA at 77°K. d Not detectable. 

small amounts while emission lifetimes vary over a wide 
range, large changes in /(nonradiative a r e implicated for 
the W(CO)5(X) species. Unfortunately, these complexes 
do not luminesce in room-temperature fluid solution, 
clouding the relationship of the emission data and photo-
reactivity. 

The luminescence data for the W(CO)5(N-donor) (N-
donor = NR3, HNR2, H2NR) are particularly interesting. 
It is observed that for the H2NR ligands the lifetime are 
grouped in the vicinity of 1 X 1 O - 6 sec, HNR2 complexes 
fall between 2.6 and 5.1 X 10~ 6 sec, and the NR3 sys
tems yield lifetimes in the range of 6.9-25.5 X 1 O - 6 sec. 

More hydrogens on the donor nitrogen yield the com
plexes having the shortest lifetimes and fastest rates of 
nonradiative decay. This effect is consistent with the gen
eral theory of Robinson and Frosch46 which states that 
the highest energy vibrational modes in a molecule are 
the key to fast nonradiative decay. Removal of the high-
energy N-H stretching modes in the series H2NR, HNR2, 
NR3 thus reduces the rate of nonradiative decay. The 
fact that the N-H stretches seem to be particularly effec
tive is reminiscent of the specific effect of replacing the 
a hydrogens in acetone with alkyl groups where it was 
found that nonradiative decay from both the singlet and 
the triplet state47 is slowed by the loss of the C-H 
stretching modes. Finally, in this regard it is to be pointed 
out that for certain Cr(II I) complexes48 there seems to 
be a correlation of nonradiative decay rates and the num
ber of high energy vibrational modes. 

For the W(CO)5(0-donor) complexes, importance of 
the O-H stretching mode as a nonradiative decay path is 
much less than in the N-donor cases. For example, the 
lifetime of W(CO)5(EtOH) is actually longer than the life
time of W(CO)5(Et2O). The explanation of this result re
quires further quantitative investigation of the relative 
emission quantum yields. 

Optical luminescence has been recently observed49 

from a large number of bis-nitrogen donor tetracarbonyl-
molybdenum(O) and -tungsten(O) complexes. Data for 
these complexes of ~C2u symmetry are included in 
Table I I I . For the complexes where the bis-nitrogen 
donor is 1,10-phenanthroline (and related ligands), both 
the Mo and W (but not Cr) species emit as solids at 
2980K or in glassy solvents at 77°K. The position of the 
luminescence maximum correlates well with the position 
of the lowest M-»7r* CT absorption. For complexes 
where the bis-nitrogen donor is an aliphatic amine or pyr
idine, luminescence was only detectable from the W 
species at low temperatures. The luminescence features 
of bis-aliphatic amine and -pyridine complexes parallels 
observations for the Civ complexes, and thus, a LF triplet 
—• singlet emission assignment is appropriate. The facts 
that for the 1,10-phenanthroline complexes room-temper
ature emission is seen, the Mo complexes emit, and the 
position of the band varies with the position of the lowest 
M—*7r* CT absorption suggest a CT assignment for the 
luminescence in these complexes. The similar lifetimes 
and quantum efficiencies for the Mo and W species is 
seemingly inconsistent with a totally spin-forbidden tran
sition. 

D. Photoreact ions 

1. Substitution Reactions 

a. M ( C O ) n ( L ) 6 - H Complexes 

Chemistry involving ligand exchange and substitution 
dominates the excited-state processes of M(CO)6 com
plexes. It appears certain that the photochemical forma
tion of M(CO)5(L) is obtained by the sequence outlined 
in eq 8-10. Several lines of evidence support very effi-

M(CO)6 

M(CO)5 CO 

M(CO)5 CO 

M(CO)5 + L 
^10 

M(CO)6 

M(CO)5(L) 

(8) 

O) 

(10) 

inter-cient generation of the coordinatively unsaturated 
mediate, M(CO)5 , which has a substantial lifetime. 

It was found that a reversible photoreaction occurs 
upon photolysis of M(CO)6 in a methyl methacrylate poly
mer.50 The slow thermal bleaching of the yellow interme-
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diate formed during photolysis is thought to be due to 
reaction 9. Infrared characterization of the M(CO)5 inter
mediate'was first gained by Sheline and coworkers5 1 who 
obtained ir spectra after photolysis of M(CO)6 at 770K in 
methylcyclohexane glasses. The ir spectra supported as
signment of the primary photoproduct as a Civ M(CO)5 . 
However, evidence obtained upon thawing the Mo(COh 
sample implicated isomerization from a species of Civ 

symmetry to one of D3^ symmetry. Strohmeier and his 
colleagues advanced chemical evidence52 supporting the 
mechanism in eq 8-10. The initial quantum yield of 1.0 
for M(CO)5L formation was found to be independent of M 
(M = Cr, Mo, W) and L, if a substantial contribution to 
the substitution process is an associative mechanism, 
one expects a dependence on the entering group L. It 
should be emphasized, however, that the lack of an ef
fect by the entering group is not itself conclusive proof of 
the dissociative mechanism. 

Later work by Turner and his associates has been car
ried out irradiating the group Vl hexacarbonyls in low-
temperature matrices.12 Photolysis of M(CO)6 in argon at 
20°K yields the formation of M(CO)5 having Civ symme
try. Both ir and uv-visible spectral changes were moni
tored which appear to be consistent with the formation of 
Civ M(CO)5 which may subsequently thermally react with 
the photoreleased or added CO. In room-temperature 
fluid solutions, though, in the absence of any coordinat
ing agent, species like IV are speculated12 to exist. Such 

( C O ) 5 M - O C - M ( C O ) 5 

IV 

an intermediate seems likely in light of the fact that the 
irradiated solutions of M(CO)6 have a persistent yellow 
color even when CO is bubbled through them. The yellow 
color, however, could be due to M(CO)5X where X is an 
impurity nucleophile in the solvent. An earlier sugges
t ion5 3 that N2 could be weakly bound to M(CO)5 is sub
stantiated by results12 of photolysis of M(CO)5 in matri
ces of pure nitrogen or mixed argon-nitrogen at 2O0K. 

Flash photolysis of M(CO)6 at room temperature has 
produced some conflicting conclusions. The first solution 
flash photolysis54 indicated two intermediates which were 
identified as the CAv and O3^ forms of Cr(CO)5 . Later 
work 5 5 , 5 6 led to the conclusion that the second interme
diate is actually a M(CO)5(L) complex, where L is an im
purity in the solvent, unreacted M(CO)6 , etc. None of the 
workers 5 4 - 5 7 agree on the absorption maximum in the uv 
-visible or the lifetime of the Cr(CO)5 , but it seems clear 
that an intermediate of this type is formed which is highly 
susceptible to attack by the poorest of nucleophiles. It is 
still possible that the isocarbonyl V, formed by linkage 

O 

O C — M — O C 

oc I 
O 
V 

photoisomerization of CO is the primary photo product. 
The O-bound CO would have a ligand field strength like 
other oxygen donors such as ethers, alcohols, and ke
tones and is likely to be very weakly bound, decaying 
rapidly to the free M(CO)5 intermediate by thermal disso
ciation. 

The question of whether the M(CO)5 is rigidly C4y , D3/,, 
or easily interconvertible remains unresolved. One pre
dicts a change in the d-orbital ordering like that indicated 

SCHEME III 

H o d z 2 _ 3 l 

d z 2 — a , 

d « ' d y r ^ f | - - f r e d x / dX2.y2 - 4 - - J - e ' 
"TT " T T e " 

? 

C41, •*—!• D3 , , 

in Scheme III for a Civ — O3/, conversion. One important 
physical property that undergoes a substantial change is 
the spin multiplicity. A d 6 configuration for the C41, form is 
predicted to be diamagnetic, having a singlet ground 
state, while the D3/, form should have two unpaired elec
trons being a ground-state triplet. The likelihood that a 
triplet electronically excited state is responsible for loss 
of CO from M(CO)6 makes the triplet ground state an at
tractive one since excited state decay would not be 
dampened by slow intersystem crossing. The large de
gree of spin-orbital coupling implicated by absorption 
data, however, makes such an argument of dubious 
value. 

Identification and characterization of the reactive ex
cited state in M(CO)6 complexes has not been pursued, 
probably because it suffices to say that the only decay 
path is dissociative loss of CO. The M(CO)6 species have 
not been found to luminesce, and it is likely that spectro
scopic excited states are extremely short-lived. The trip
let-sensitized reaction of Cr(CO)6 has been carried out,58 

and the reaction to yield loss of CO was found to be 
unity. The fact that the direct irradiation and triplet-sensi
tized yields are the same is consistent with decay of the 
excited states proceeding through a low-lying triplet 
state, but this point ' is clearly not proven. The t2 g

6 —• 
t 2 g

5 e g one-electron excitation in these systems gives rise 
to the 1 T i g , 3T-Ig, 1T 2 g , and 3T 2 g excited states, all of 
which should be substantially more reactive than the 
ground state, since depopulation of the t2 g level dimin
ishes x-back-bonding and concomitant population of e g 

diminishes tr-bonding regardless of the spin multiplicity of 
the excited state achieved. Our ability to resolve the 
question of relative reactivity of different spin states in
volved in these reactions may ultimately depend on our 
ability to observe the reactive state prior to its decay. 

The synthetic utility of the sequence 8-10 has had 
considerable impact on systematic studies of chemical 
properties of the M(CO) n ( L ) 6 . n complexes. From numer
ous early successes we conclude that derivatives of 
M(CO)6 can be prepared by irradiation in the presence of 
almost any coordinating agent, L.2-5 Our objective here is 
to attempt to generally account for the degree of substi
tution ultimately obtained, and how to control it. It was 
recognized from the outset that photolysis of M(CO)5L 
could result in the loss of another CO molecule (reaction 
11) or loss of L (reaction 12). Reaction 11 leads to po-

M(CO)5(L) - ^ * M(CO)4(L) + CO (11) 

M(CO)5(L) - ^ * . M(CO)5 + L (12) 

tentially two geometrical isomers of M(CO)4 (L)2 , and 
reaction 12 leads simply to ligand exchange in the pres
ence of added L. The relative efficiencies of processes 
11 and 12 were found to be very sensitive to the nature 
of L. In fact, for certain L, such as tetrahydrofuran 
(THF), process 12 is fairly insignificant, and nearly com
plete conversion of M(CO)6 to M(CO)5(THF) can be 
achieved. The THF is weakly bound and a pure M(CO)5L 
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TABLE IV. Wavelength Dependence for Quantum Efficiency 
of M(CO) (pyridine) to M(CO)4(pyridine). Conversion9 

TABLE V. Wavelength Dependence for Processes 11 and 12 
for M = W and L = Pyridine" 

Central 
metal Solvent * 4 3 6 i 

Cr 
Cr 
Mo 
Mo 
W 
W 

CeHe 

THF 
CgHe 
THF 
CeH6 
THF 

0.21 
0.28 
0.16 
0.35 
0.11 
0.06 

0.13 
0.17 
0.11 
0.22 
0.08 
0.02 

° References 60 and 61. 

species is obtained by addition of L to the solution of 
M(CO)5(THF), reaction 13. 

M(CO)5(THF) M(CO)5(L) + THF (13) 

The relative importance of reaction 11 was found to in
crease with increasing strength of the M-L bond.59 It is 
not obvious that such a correlation should exist since the 
excitation energies are high enough to yield loss of either 
the CO or L. If a common excited state is responsible for 
both reaction 11 and 12, the correlation could be ration
alized by merely assuming that photoexcitation causes 
the same relative increase in substitution rate for L and 
CO. In such a case comparison of ground-state binding 
strength may yield the correlation observed: when L and 
CO are more comparable in binding strength release of 
CO is competitive with release of L, though in the ground 
state both undergo substitution slowly. 

A second parameter was found to effect the relative 
efficiency of reactions 11 and 12. The reaction quantum 
yield for (11) was found to be sensitive to the wavelength 
of the exciting light as evidenced by data like those 
shown in Table i v . 6 0 ' 6 1 Higher energy irradiation yields 
more efficient loss of CO. Such an effect can be attrib
uted to at least two reactive excited states or to differ
ences in the reactivity of one excited state depending on 
the vibrational level directly achieved. The latter alterna
tive is not likely since the reactions are carried out in 
condensed media. Additional data,20 Table V, reveals 
that both reaction 11 and 12 are wavelength dependent, 
with reaction 12 having attenuated importance upon high
er excitation energy. The opposite wavelength depen
dence for the two processes can be rationalized by in
voking two reactive LF excited states. The situation is de
tailed in Scheme IV. Low-energy excitation yields popula
tion of the d22 (o>*) orbital with tr-antibonding charac
ter directed principally along the z axis strongly labilizing 
the a donor, pyridine. Higher energy excitation populates 
the d i2_y 2 (<?xy*) orbital with strong labilizing effects 
for the equatorial CO's. Internal conversion of the upper 
state to the lower state with rate constant knd adequately 
accounts for the fact that reaction 12 occurs upon high-
energy excitation. Impressive support of the rationale of 
the reactivity of W(CO)s(pyridine) is found in the recent 

SCHEME IV 

: * -<« 

W(CO)4(pyridine) + equatorial CO 

W(CO)5 + pyridine 

lrrdn, X, nm $ e Q 12 

436 
366 
313 
254 

0.0O2 
0.0I3 
0.03g 
-0.04 

0.63 
0.50 
0.38 
0.34 

" Quantum yields may depend on conditions used; cf. ref 20. 

claim of selective incorporation of 13CO into equatorial 
positions623 in Mo(CO)5(piperidine) upon photolysis in 
the presence of 13CO, and later similar evidence was ob
tained for the W analog.6215 

In Scheme IV the internal conversion associated with 
the rate constant knd is key to whether a wavelength-
dependent reaction will obtain. In these cases we do find 
reaction from the upper state which means that knd is 
only competitive with the rate constant for chemical 
change. Consequently, modest changes in knd, say a 
factor of 5, will have a real bearing on the chemical reac
tions, and thus studies directed toward elucidating fac
tors controlling knd should be quite fruitful. 

The metal and solvent dependence on reaction 11 re
vealed by the data in Table IV are not easily explained. A 
clear explanation probably awaits results from reaction 
12 and experiments designed to probe the point at which 
the solvent effect occurs, 

Photolysis of M(CO)6 has recently been used to pro
duce tetra-, penta- and hexasubstituted derivatives (Table 
V l ) . 6 3 " 6 6 A combination of factors makes such highly 
substituted complexes possible including final product 
stability and the photolabilization of the CO at intermedi
ate stages of substitution. All of the cases for which ML6, 
M(CO)L5 , and M(CO)2L4 are found have L being a good 
7r-acceptor ligand. That is, the loss of CO to yield stable 
low-valent complexes requires entering ligands capable 
of stabilizing the low-valent metal. Ligands having this 
quality should also tend to make possible the photolabili
zation of the CO. The substitution of CO by ligands which 
are like CO will not lead to substantial changes in the 
electronic structure, and thus, even though the symmetry 
may be quite low, the excited states are likely to be Oh-
like. Consequently, CO photosubstitution can occur since 
the t2g

6 -*• t2g
5eg-type excitation is indiscriminate when 

all six ligands are good r acceptors. This situation is to 
be contrasted to situations like W(CO)5(pyridine) where 
there are excited states which yield labilization of either 
the z axis or x-y axes. Empirically, for W(CO)s(pyridine) 
z-axis excitation tends to preclude further CO substitu
tion. Higher energy excitation yields more efficient loss of 
CO in W(CO)5(pyridine) and the c/s-W(CO)4(pyridine)2 is 
formed. Higher substitution involving entrance of princi
pally ff-donor ligands is not common, perhaps, owing in 
part to the fact that for cis-M(CO)4(CT donor)2 there is 
only one remaining axis of the OC-M-CO type. Experi
ments to determine substitution yields of C /S-M(CO) 4 (CT 
donor)2 are necessary to speculate further on this possi
bility; however, the stability of M(CO)n(CT donor)6-n for n 
< 3 is likely to be relatively low. 

b. (arene) M (CO) 3 Complexes 

Two photosubstitution paths for (arene)M(COh com
plexes have been reported as generalized in eq 1467 and 
15.6S The reaction quantum yield for (14) is in the vicinity 
of 0.8024 for M = Cr, while that for (15) has not been re
ported. The high overall product yields for reaction 14 
make the importance of (15) questionable. A selected 
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TABLE Vl . Pho tosubs t i tu t ion of C h r o m i u m , M o l y b d e n u m , 
and Tungs ten Carbony l by L igands Capable of S tab i l i z ing 
Low-Valent Metals 

TABLE VI I . Photosubs t i tu t ion Products of (arene)M(CO), 

Starting 
complex Entering ligand, L Product(s) Ref 

Cr(CO)6 

Mo(CO)6 

(0-C3H7)OPF2 

P(OCH3)^F 

P(OCHj)3 

(CH3)P(OCHs)2 

(CH3O)P(CHa)2 

P(CHs)3 

PF3 

W(CO)6 

P(OCH3), 

(n-CsH70)PF2 

P(OCHs)2F 

P(CHs)3 

(CH3)P(OCHs)2 

P(CHs)3 

P(OCHs)3 

(n-CsH-0)PF2 

P(OCHs)2F 
( C H 3 ) P ( O C H S ) 2 

1,3-Butadiene 

CrL6 63 
CrL6 63 
Cr(CO)L5 63 
Ci5-Cr(CO)2L4 64 
Cr(CO)L6 63 
Cr(CO)L3 63 
CZs-Cr(CO)2L4 64 
Mo(CO)sL 65 
CZs-Mo(CO)4L2 65 
r raz is-Mo(CO) 4L 2 65 

Isomers of Mo(CO)3L3 65 
CZS-Mo(CO)2L4 65 
rrans-Mo(CO)2L4 65 
Mo(CO)L3 65 
MoL6 65 
MoL6 63 
MoL6 63 
MoL6 63 
Mo(CO)L5 63 
CZs-Mo(CO)2L4 64 
Mo(CO)L5 63 
fac-W(CO)3L3 64 
mer-W(CO)3L3 64 
CiS-W(CO)4L2 64 
W(CO)4L2 64 
CZs-W(CO)2L4 64 
W(CO)L5 63 
W(CO)L5 63 
CiS-W(CO)2L4 64 
WL6 63 
WL6 63 
W(CO)L5 63 
Mo(CO)2L2 66 

list of recent examples of reaction 14 are given in Table 
V l I 69-75 A t | e a s t f o r C r i t appears, as with M(CO)6 (M = 
Cr, Mo, W), that photosubstitution can be achieved using 

(arene)M(CO)3 
/ I v 1 

L 
(arene)M(CO)2L + CO (14) 

(arene)M(CO)3 (arene*)M(CO)3 + arene (15) 

almost any nucleophile as an entering group. This is not 
established for Mo and W (arene)M(CO)3 complexes. In 
fact, it is claimed that (toluene)W(CO)3 and (p-xy-
lene)W(CO)3 do not undergo CO exchange upon 254-nm 
excitation.68 

In contrast to its thermal behavior76 (cycloheptatri-
ene)Cr(CO)3 is found to yield substitution of CO upon 
366-nm photolysis.77 This comparison of ground and ex
cited reactivity is like that found for (arene)Cr(CO)3 

which undergoes efficient arene group exchange upon 
heating.78 Dramatic differences in ground vs. excited 
state reactivity in each case may be ascribed to the fact 
that one-electron excitation is likely to change M-L bind
ing more dramatically for a two-electron donor compared 
to the six-electron donor. 

Reports of further loss of CO from (arene)M(CO)2L are 
not common. Thus, it is reasonable to conclude that exci
tation of this species leads to substitution lability of the 
ligand L. It has recently been demonstrated that reaction 
16 proceeds to completion by irradiation with light of 

(benzene)Cr(CO)2(frans-4-styrylpyridine) 
red light 

i 
pyridine 

Initial 
complex 

Entering 
ligand, L Product Ref 

(C6H6)Cr(CO)3 

(C6H6)Cr(CO)3 

(CHsOC6H5)Cr(CO)3 

((CHs)6C6)Cr(CO)3 

(mesi ty lene)-
Mo(CO)3 

(CH3C6H5)Mo(CO)3 

(CeH6)Cr(CO)3 

[(Cp)FeC5H4I3P (C6H6)Cr(CO)2L 
2,3-Diazabi- (C6H6)Cr(CO)2L 

cyclo[2.2.1]-
hept-2-ene 

PPh3 

Cyclopentene, 

maleic ac id, 
PhCCPh 

(CHsOCsH5)Cr(CO)2L 
((CHs)6C6)Cr(CO)2L 

69 
70 

71 
72 

C2H4 

13CO 
Tetrahydro-

furan 

(mesity lene)Mo(CO)2L 73 

(CH3C6H5)Mo(CO)2 (13CO) 74 
(C6H6)Cr(CO)2L 75 

lower ene rgy than 6 0 0 n m . 2 4 P rocess 16 exemp l i f i e s the 

potential photochromic properties of these systems with 
the styrylpyridine complex being dark blue while the pyri
dine complex is orange. Additionally, chemical systems 
which are sensitive to near-infrared light are not numer
ous, and new ones may merit evaluation as actinometric 
devices. 

As with other metal carbonyls, the coordinatively un
saturated intermediates generated by photolysis of (arene) -
M(CO)3 can be involved as intermediates in redox 
reactions generally resulting in an oxidized central metal. 
Two examples are shown in reactions 1779 and 18.80 

Nondestructive oxidative addition to the (benzene)-
Cr(CO)2 intermediate also appears to be possible as in 
reaction 19.81 

(arene)Cr(CO)3 ^ r * Cr(OMe)3 + arene + 3CO (17) 

(arene)Cr(CO)3 ^ * Cr(SR)3 + arene + 3CO 

(benzene)Cr(CO)3 ^H*~ 

(18) 

(19) 

^ C r - H 
O C ^ / \ 

CO SiCI3 

c. (Cp)IvI(CO)3X Complexes 
To date, very little mechanistic work has been carried 

out for complexes of this type, but several points can be 
made regarding the synthetic work carried out on these 
systems. The labilization of CO again appears to be the 
salient feature of the excited-state decay, and a high de
gree of substitution can be achieved as demonstrated by 
the photoproducts listed in Table V I I I . 8 2 - 8 7 All three CO's 
can be substituted using a tridentate phosphorus donor. 
The restriction that the entering groups replacing CO be 
extremely good 7r-acceptor ligands may be relieved 
somewhat since the central metal in these cases is in 
either a + 1 or + 2 oxidation state. The loss of CO in
duced by photolysis can apparently be achieved regard
less of X or the central metal, but the photolability of nei
ther the cyclopentadienyl group nor X has been evalu
ated. 

Work with these systems can be used to demonstrate 
other interesting consequences of CO lability, cr to x 
rearrangements like that in reaction 20 have been ob
served,8 8-8 9 and the primary photoprocess is probably 

(benzene)Cr(CO)2(pyridine) + rrans-4-styrylpyridine (16) 

0-3-C4H3SCH2Mo(CO)3(Cp) - 2 ^ -

71-2-C4H3SCH2Mo(CO)2(Cp) + CO (20) 
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TABLE VIII. Photoproducts of (Cp)M(CO)3X 

Initial complex Entering ligand, L Product(s) Ref 

CH5IVIO(CO)2(Cp) 
(Cp)Mo(CO)3CI 

(Cp)Mo(CO)3I 

[(Cp)Mo(CO)2(diphos)]*CI-
[(Cp)Mo(CO)3]2 

(Cp)Mo(CO)3Sn(CHs)3 

(Cp)Mo(CO)3CH3 

(Cp)W(CO)3CH3 

dissociation of CO. Similar reactions also occur for the 
tungsten complexes,90 reaction 21. Additionally, the 

(0-CH2CHCH2)W(CO)3(Cp) - ^ -

(7T-CH2CHCH2)W(CO)2(Cp) + CO (21) 

(Cp)M(CO)3X systems can be used as examples of the 
formation of dinuclear metal carbonyls by coordination of 
two metals to a bidentate ligand as in reaction 22.8 7 

(Cp)Mo(CO)3CH 

Et2NPF2 

(Ph2PCH2CH2)2PPh 
PEt3 

Ph2PCH2CH2PPh2 

(Ph2PCH2CH2)2PPh 
PEt3 

P(OPh)3 

P(OC6H5), 
PPh3 

P(OC6Hs)3 

PPh3 

PPh3 

C3H5Mo(CO)(L)(Cp) 
(Cp)Mo(L)CI 
(Cp)Mo(CO)(L)2CI 
(Cp)Mo(CO)(L)CI 
(Cp)Mo(CO)(L)CI 
(Cp)Mo(CO)(L)2I 
(Cp)Mo(CO)(L)2I 
(Cp)Mo(CO)(diphos)(CI) 
[(Cp)Mo(CO)2Ll2 

CI2Mo2(CO)5L 
(Cp)Mo(CO)2(L)Sn(CHs)3 

(Cp)Mo(CO)2(L)CH3 

(Cp)W(CO)2(L)CH3 

82 
83 
84 
85 
85 
84 
84 
85 
86 
87 
86 
87 
87 

Rl2PCH2CH2PPh2 

(Cp)(CO)2MOPPh2CH2CH2Ph2PMo(CO)2(Cp) (22) 

CH, CH, 

As indicated above, the relative importance of M-X 
bond cleavage has not been quantitatively investigated. 
However, reaction 239 1 demonstrates the necessity of 
evaluating this decay mode. Preliminary results92 indicate 
that reaction 24 proceeds with high quantum efficiency 
( ~ 1 0 ~ 1 ) upon either 546-nm or 366-nm irradiation with 
the stoichiometry shown. 

[(Cp)Mo(CO)3J2 
PPh, 

[(Cp)Mo(CO)2(PPh3)2
+][(Cp)Mo(CO)3 

[(Cp)M(CO)3J: 2 ecu 
(degassed) 

2(Cp)M(CO)3CI 

(23) 

(24) 

Substitution of CO in CpM(CO)2(NO) can be achieved 
by irradiation93 as in reaction 25. Additionally, products 

(Cp)Mo(CO)2(NO) 
PPh, 

(Cp)Mo(CO)(PPh3)(NO). (25) 

which appear to arise from a nitrene intermediate are 
formed for M = Mo (eq 26). In the case of M = Cr only 

(Cp)Mo(CO)(NO)(PPh3) £ + 

(Cp)Mo(CO)(NCO)(PPh3I2 + (Cp)Mo(CO)2(PPh3)(NCO) (26) 

simple substitution, reaction 25, is observed while for M = 
W the reactions like (26) obtain but give low yields. The 
nitrene mechanism gains some support from the fact that 
photolysis of an azido species gives similar product 
yields93 (eq27) . 

(Cp)Mo(CO)(PPh3)2(N3) - ^ -

(Cp)Mo(CO)(NCO)(PPh3)2 + (Cp)Mo(CO)2(PPh3)(NCO) (27) 

2. Reactions of Coordinated Ligands 

Reactions of olefins which are accelerated by light in 
the presence of M(C0)6 have received the most study. 
The reactions studied include cis-trans isomerization, 

TABLE IX. Quantum Yields for Photoreactions of 
W(CO)5X Complexes" 

(A) W(CO)5(Py) • 
hv 

W(CO)6(l-pent) 

(B) W(CO)5(py) — s - CiI-W(CO)4(Py)2 

h-> 
(C) W(CO)5(frcnS-4-stypy) — = - W(CO)5(l-pent) 

ho 
(D) W(CO)6(frans-4-stypy) — ? • W(CO)5(cis-4-stypy) 

hv 

(E) W(C0)5(#rOns-2-stypy) ^ ± W(CO)5(cis-2-stypy) 

(F) W(CO)5(frons-2-stypy) • • W(CO)5(l-pent) 

Reac
tion 1S3Bi *313nn 

A» 
Bc 

C 
D 
E 

F* 

0.63 
0.0O2 

0.16 
0.49 
0.08 0 —e) 
0.31 ( e - O 
0.16 

0.50 
0.0I3 

0.08 
0.34 

0.07 

0.38 
0.03g 
0.05 
0.26 

0.13 

0.34 
-0.04 

0.21 

" Reference 20. py = pyridine; pent = pentene; stypy = styryl-
pyr id ine.6* measured at room temperature in the presence of 
3.66 M 1-pentene-isooctane solvent. c$ for formation of cis-
W(CO)4(py)2 at room temperature in presence of 0.25 M pyridine 
in isooctane. 

double bond migration, hydrogenation, and dimerization. 
The role that light plays in these reactions is the point of 
interest here, and the following terminology is proposed. 
Photocatalysis is defined to be a situation where light is 
used to generate a thermally active catalytic species, 
and the reaction in question is, thus, not an excited-state 
transformation. In a photocatalytic reaction high quantum 
yields are expected, reaction may continue in the dark, 
after an initial irradiation period, and thermodynamic 
products are expected. Photoassistance, in contrast, is 
defined as a situation where the reaction requires binding 
the substrate to the metal, and the reaction is catalytic 
with respect to the metal, but the reaction is not catalytic 
in photons. In the photoassistance technique light plays a 
key role in one, two, or all of the following: (i) formation 
of the metal-substrate complex, (ii) transformation of the 
substrate, (iii) appearance of transformed substrate in 
the medium. Practically, the photoassistance technique 
requires continuous photolysis while in a photocatalytic 
reaction, after the catalyst has been generated, photoly
sis may no longer be necessary provided the catalytic 
transformation of the substrate is competitive with path
ways for poisoning the catalyst. Naturally, stoichiometric 
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TABLE X. M(CO)6 Photoassisted Reactions of Olefins 

Metal complex used Starting olefin Product(s) Ref 

W(CO)6 

Mo(CO)6 

W(CO)6 

W(CO)6 

Mo(CO)6 

Cr(CO)6 

Mo(CO)6 

W(CO)6 

Cr(CO)6 

A. Cis-Trans Isomerization 
c;'s-l,3-Pentadiene 
frans-1,3-Pentadiene 
/rons,»rans-2,4-Hexadiene 
ci's,»rans-2,4-Hexadiene 

c/s,c/s-2,4-Hexadiene 

c/s-Stilbene 
frans-Stilbene 
f rans-1,2-CaH2D2 

trans-2-Pentene 
cis-2-Pentene 
frans-3-Hexene 
c/'s-3-Hexene 
c/s-l,3-Pentadiene 
frons-Stilbene 
c/s-Stilbene 

frons-l,3-Pentadiene 
e/s-l,3-Pentadiene 
cis/rans-2,4-Hexadiene 
cis,eis-2,4-Hexadiene 
frans,/rans-2,4-Hexadiene 
(rans,frons-2,4-Hexadiene 
cis-frans-2,4-Hexadiene 
frons-Stilbene 
ei's-Stilbene 
015-1,2-CsH2D2 

e/s-2-Pentene 
/rans-2-Pentene • 
c/s-3-Hexene 
trons-3-Hexene 
frans-l,3-Pentadiene 
ei's-Stilbene 
f r ans -S t i l bene 

1-Pentene 

c/s- Or trans-2 

pentene 
1-Hexene 
cis-3-Hexene 

/rans-3-Hexene 

c/s-l,4-Hexadiene 
frons-l,4-Hexadiene 

1,4-Pentadiene 

1-Pentene 

B. Hydrogen Shift Reactions 
c/s-2-Pentene 
frans-2-Pentene 
1-Pentene 

C. Hydrogenation 
2,3-Dimethyl-l,3-

butadiene 
1,3-Cyclohexadiene 
frons-l,3-Pentadiene 
2-Methyl-l,3-butadiene 
trans,trans-2A-

Hexadiene 
frans-l,3-Pentadiene 

2-Methyl-l,3-butadiene 
frans-l,3-Pentadiene) 
c/s-l,3-Pentadiene 

2-Methyl-l,3-butadiene 

D. Dimerization 
Norbornadiene 

frans-2-Hexene 
cis-2-Hexene 
frans-2-Hexene 
c/s-2-Hexene 
frans-2-Hexene 
c;s,e/s-2,4-Hexadiene 
c/s,frans-2,4-Hexadiene 
frans,trans-2,4-Hexadiene 
frons-l,3-Pentadiene 
c/s-l,3-Pentadiene 
cis-2-Pentene 

2,3-Dimethyl-2-butene 

Cyclohexene 
c/s-2-Pentene 
2-Methyl-2-butene 
cis-3-Hexene 

1-Pentene 
eis-2-Pentene 
frans-2-Pentene 
2-Methyl-2-butene 
1-Pentene 
ds-2-Pentene 
(rons-2-Pentene 
2-Methyl-2-butene 

Dimers 
exo-trans-exo 

exo-trans-endo 

endo-trans-endo 

94 
94 
94 
94 
94 
94 
94 
95 
95 
95 
96 
96 
96 
96 
96 
95 
95 

96 
96 
96 

96 
96 
96 
96 
96 
96 
96 
96 
96 
96 
96 

97,97 

97,98 
98 
98 
98 

98 
98 
98 
98 
98 
98 
98 
98 

99 
99 
99 

excited-state reactions of coordinated ligands by photoly
sis of the complexes are possible and could be the key 
step in a photoassisted substrate transformation. How
ever, studies of the stoichiometric excited-state reactions 
of coordinated ligands have been all too few to establish 
fundamental principles. 

The stoichiometric reactions of coordinated ligands 
may occur via intramolecular energy migration from the 
coordination sphere to the ligand. An extreme case would 
be as indicated in Vl where the excited states of the 
M(C0)5 unit are noninteracting with the olefin. For olefins 

having low-lying excited states, electronic energy migra
tion to produce olefin excited states may compete with 

(CO)5M-
insulating 

chain 

Vl 

-olefin 

ligand substitution. The photoreactions of W(CO)5(pyr i
dine) and W(CO)5(styrylpyridine) have been studied,20 

and the results may be interpreted in this manner even 
though no insulating group is present. The quantum 
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yields for the various reactions are set out in Table IX. 
The data demonstrate that photosubstitution of the pyridyl 
group can be attenuated by the provision of another 
chemical decay path. The quantum yields for cis-trans 
isomerization of the 2- and 4-styrylpyridine seem to ac
count for most of the loss in substitution yields. Further, 
for the 4-styrylpyridine the isomerization yields parallel 
substitution yields for the pyridine, implicating a similar 
excited-state precursor. It is probable that energy migra
tion from M(CO)5 to the styrylpyridine occurs largely from 
the lowest 1A — 1E, 3E states of the M(CO)5(X) unit.20 

These data provide one example of the potential useful
ness of the energy which is normally "wasted" into lig-
and-exchange processes. 

Direct coordination of olefinic linkages to the metal as 
in VII is common, and photolysis of solutions of alkenes, 

TABLE Xl. Spectral Data for Vanadium(—I) Hexacarbonyl" 

M(CO)5 

VII 
dienes, and other olefins in excess and catalytic amounts 
of Cr, Mo, and W carbonyls results in the olefin products 
detailed in Table x . 9 4 - 9 9 For the four types of reactions, 
only one generality seems reasonable at this time: light 
plays a key role in forming reactive species including 
M(CO)n(olefin)e-n and coordinatively unsaturated inter
mediates. Beyond the formation of the olefin complexes 
little is known regarding details of the key steps in the 
actual olefin reaction. Some points of interest in this line 
are developed below. 

For the reactions involving simple alkenes isomeriza
tion, two intermediates seem possible. One (VIII) is the 
7r-allylmetal hydride which could account for hydrogen 
shift products and cis-trans isomerization and could be 
formed either photochemically or thermally (eq 28). The 
7r-allyl hydride could account for the observed photocatal-
ysis.96 

(CO)xM -1 (CO)x. ,M—H + CO 

VIII 

(28) 

It is clear, though, that the 7r-allyl hydride will not ac
count for the isomerization of 1,2-C2H2D2. To account for 
this M-C (7-bonded olefin (IX) may be invoked (eq 29). 

(CO)xM ̂  (CO)xM 

IX 

^ (29) 

An electronic energy migration mechanism is viewed as 
unlikely since the lowest alkene excited state ( ~ 8 0 
kca l / mol ) 1 0 0 is above the lowest M(CO) n LF states.96 

The 1,3-dienes probably react via intermediates similar to 
those for the simple alkenes, but the energy migration 
mechanism cannot be easily excluded since the lowest 
diene excited state is only 55 kca l /mo l . 1 0 1 The stilbenes 
yield nonthermodynamic products by M(C0)6 photo-
assisted isomerization.95 The energy migration mecha
nism may obtain here, especially if coordination of the 
stilbene is through one of the phenyl rings. 

The observation of only 2-hexenes from 1-hexene and 
2-hexenes from the 3-hexenes reveals the requirement of 
sequential 1,3-hydrogen shifts to interconvert the 1- and 
3-hexenes. Additionally, the 2-hexene product ratios 
starting with 1-hexene and trans-3- or c/s-3-hexene are 
all different, implicating a different intermediate in each 

Band position, 
cm - 1 Assignment 

43,750 
41,200 
37,550 
'31,100 
28,400 
25,100 
23,200 

73,700 
21,200 
60,900 
3,300 
6,240 
1,640) 

300 \ 

'Ai«^d'T l u 
1A18-1T18 
1 A i 8 -<- C1T1U 

Vibrational components 
Of1A18-1T18 

" Reference 11; room-temperature acetonitrile solution. 

TABLE XII. Photosubstitution of Vanadium, Niobium, and 
Tantalum Hexacarbonyls" 

Cen
tral 

metal 

V 

Nb 

Ta 

" Refere 

Entering ligand 

P(OPh)3 

PPh3 

PlIiPCH2CHsPPh2 

AsPh3 

SbPh3 

P(n-C4H9)3 

Ph2PCH2CH1PPh2 

(Ph2AsC6H4)2Fe 
2,2'-Bipyridyl 
PPh3 

Ph2PCH2CH2PPh2 

PPh3 

Ph2PCH2CH2PPh2 

mce 108b. 

Product 

V(CO)5(P(OPh)3)-
V(CO)6(PPh3)-
V(CO5(PPh2CH2CH2PPh2)-
V(CO)6(AsPh3)-
V(CO)5(SbPh3)-
V(CO)5(P(n-C4H9)3-
V(CO)4(Ph2PCH2CH2PPh2)-
V(CO)4[(Ph2AsC5H4)2Fe]-
V(CO)4(2,2'-bipyridyl)-
Nb(CO)6(PPh3)-
Nb(CO)4(Ph2PCH2CH2PPh2)-
Ta(CO)6(PPh3)-
Ta(CO)4(Ph2PCH2CH2PPh2)-

case.96 The ir-allyl hydride could account for this result 
provided it maintains some stereochemical integrity. The 
most consistent structure-reactivity relationship is that 
the activity for olefin reaction depends on the central 
metal in the order W > Mo » Cr.96 This effect may be 
ascribed, in part, to differences in the strength of meta l -
olefin binding. The W-olefin interaction is strongest, 
yielding a more significant olefin perturbation and hence 
a more reactive species. 

If one views the formation of IX as a reaction of elec
tronically excited M(CO)5 and an olefin, one can draw an 
interesting analogy with ground-state reactions of 
Co (CN) 5

3 - . The d7 , C4V Co(CN) 5
3 - has a single un

paired electron in the dZ2 orbital1 0 2 and has radical-like 
properties including reactions with acetylenes and other 
olefins.103 Excited M(CO)5 would also have a single un
paired electron in the d*2 orbital; thus we may rational
ize the formation of the M-C <r-bonded olefin (IX). 

The Cr(CO)6 photoassisted dimerization of norborna-
diene99 is thought to proceed via photolysis of 
Cr(CO)4(norbornadiene) which is a photosubstitution 
product. The ratio of dimeric products serves to reveal 
differences which may arise because of metal photo-
assistance compared to thermal pathways for reaction. 

The recently reported Cr(CO)6 photoassisted hydroge-
nation of .1,3-dienes97 represents a vast improvement in 
the (arene)Cr(CO)3 thermally catalyzed hydrogenation of 
dienes.104 Neither elevated temperatures nor high H2 

pressures are required. Additionally, it is now known that 
a great deal of isomeric selectivity can be found for the 
photoassistance procedure.96 For example, only c/s-3-
hexene is formed from frans,f/'ans-2,4-hexadiene using 
Cr(CO)6 as the catalyst. Further, the frans,frans-2,4-hex-
adiene is selectively hydrogenated from an equimolar 
mixture of the trans,trans- and cis,c/s-2,4-hexadienes. 
This latter result typifies the selectivity of the catalyst for 
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TABLE XIII. Photosubstitution of (cyclopentadienyl)M(CO)„(X)4_„ Complexes0 

Starting complex Entering group, L Product 

(Cp)V(CO)4 

(Cp)V(CO)3PPh3 

(Cp)V(CO)2(PPh3), 
(Cp)V(CO)1 

(Cp)V(CO)4 

(Cp)V(CO)4 

(Cp)Nb(CO)4 

(Cp)(Nb(CO)3PPh3 

(Cp)Nb(CO)2(PPh3)2 

(Cp)Nb(CO)2PhC=CPh 
(Cp)Ta(CO)4 

PhC=CPh 
PPh3 

PhC=CPh 
1,3-Butadiene 
1,3-Cyclohexadiene 
2,3-Dimethylbutadiene 
PhC=CPh 
PPh3 

PhC=CPh 
PhC=CPh 
PhC=CPh 

<* Reference 109. 

dienes which can easily achieve the s-cis conforma
t ion.9 8 The apparent lack of total selectivity for the Mo 
and W carbonyls can be associated with their ability to 
isomerize the starting dienes and alkene products,96 

while Cr is ineffective in this regard. Finally, the Cr-
(CO) 6 -H 2 - l ight system has been shown to be truly photo-
catalytic with respect to hydrogenation of 1,3-dienes.98 

///. Vanadium, Niobium, and Tantalum 
Carbonyls 

A. Geometrical and Electronic Structures 

The V, Nb, and Ta carbonyls have proven difficult to 
obtain but are known, and a new synthesis for them has 
recently been reported.105 The d6 , M( —I) complexes are 
isoelectronic and isostructural with the Cr, Mo, and W 
carbonyls, and the V ( C O ) 6

- , N b ( C O ) 6
- , and T a ( C O ) 6

-

are found with a variety of cations. Derivatives are 
known, but little detailed information regarding electronic 
structure is available. The electronic spectrum of 
V ( C O ) 6

- is similar to the spectrum reported for other d6 

M(CO)6 systems. Band positions and spectral assign
ments are detailed in Table X l . 1 1 

For the anionic V, Nb, and Ta hexacarbonyls the ability 
of the CO to stabilize the low-valent central metal would 
seem to be more important than for Cr, Mo, and W since 
there is a full negative charge on the complex. This is 
borne out by comparing the CO stretching frequency for 
the anionic metal carbonyls with the neutral com
pounds.106 

Interestingly, the natural d5 V(CO)6 compound also ex
ists. In contrast to the yellow V ( C O ) 6 " the d5 compound 
is highly colored, absorbing throughout the visible spec
trum, being a green-black compound. The lower energy 
absorption for the d5 case could be due to the impor
tance of L—*M (t2g) CT absorption since there is an un
filled t2 g level in d5 . In d6 the t2 g level is filled and the 
next higher one-electron metal orbitals (eg) are 1 0 D Q 
above the t2 g set, implicating a substantially higher ener
gy L—-M CT transition. Similar arguments have been ad
vanced to explain lower energy intense absorption in 
Fe(CN) 6

3 - compared to F e ( C N ) 6
4 - . 1 0 7 

The complexes (cyclopentadienyl)M(CO)4 (M = V, 
Nb, Ta) are formally seven-coordinate with the metal 
being in the + 1 oxidation state. These complexes are 
thus " d 4 , " seven-coordinate systems like their Cr( I I ) , 
Mo(II) and W(I I ) analogs (Cp)M(CO)3(X). 

B. Photoreactions 
1. Hexacarbonyl Metalate(-I) Photoreactions 

At the present time the excited-state chemistry associ
ated with these carbonyl complexes is identified as sub-

(Cp)V(CO)2L 
(Cp)V(CO)2PPh3L 
(Cp)V(CO)(PPh3)2L 
(Cp)V(CO)3L 
(Cp)V(CO)3L 
(Cp)V(CO)3L 
(Cp)Nb(CO)2L 
(Cp)Nb(CO)2PPh3L 
(Cp)Nb(CO)(PPh3)2L 
(Cp)Nb(CO)(PhC=CPh)L 
(Cp)Nb(CO)2L 

stitution involving the CO groups.108 In Table X l l 1 0 8 b 

starting materials and substitution products are set out. 
The anionic hexacarbonyls of V( —I), N b ( - I ) , and Ta-

( - I ) undergo efficient loss of CO upon photoexcitation 
with uv light. No quantum efficiency data are available, 
but overall chemical yields are high. The substitution 
reactions of the anionic species represent the first direct 
incorporation of donor molecules into the coordination 
sphere of metal carbonyl anions via photolysis. However, 
the mechanistic implications are clouded by the note that 
reaction of the T a ( C O ) 6

- and N b ( C O ) 6
- with PPh3 re

quired temperatures of 40-60° to allow them to proceed 
at a measurable rate. 

Intermediates during the substitution of bidentate lig-
ands as in reaction 30 proved to be consistent with the 

V(CO)6 

Ph2PCH2CH2PPh2 = L 

V(CO)4(L)" + 2CO (30) 

formation of a V(CO)5 (Ph2PCH2CH2PPh2 ) - which under
goes further loss of CO to yield the final product. Thus, 
as with the Cr, Mo, and W species the photolysis of 
M(CO)5(X) yields loss of CO. It remains to be estab
lished whether X undergoes photosubstitution in the V-
( - I ) , Nb( —I), and Ta ( — I) complexes. 

While no detailed electronic spectral data are pub
lished for the photosubstitution products, the reported 
color changes for M ( C O ) 6

- ~— M(CO) 5 (X ) " —* cis-
M ( C O ) 4 ( X ) 2

- seem appropriate for both a lowering of 
symmetry and of the average LF strength. The release of 
CO from the anionic hexacarbonyls is consistent too with 
the notion that transitions of the type t2 g —•• e g diminish 
both 7r-back-bonding and cr-bonding of the CO groups. 
Indeed, since for the anionic carbonyls back-bonding 
should be most important, one may note the most im
pressive effects of depopulation of the t2 g level in these 
cases. ^ , 

2. (cyclopentadienyl)M(CO)4 Complexes 

The photochemistry reported for these complexes 
again involves the substitution of CO. Reported photo
chemistry is detailed in Table X I I I . 1 0 9 The primary photo
substitution of two CO's by acetylenes is unique, and it is 
curious that two acetylenes in the same molecule can 
apparently bind differently. One photochemical reaction 
is reported involving coordinated acetylenes and CO. 
The reaction is shown in eq 31 , but no information re
garding quantum efficiency is known. 

[ ^ V(CO)(C2Ph2)2 

Ph Ph 

--V- (31) 

Ph 
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TABLE XIV. Electronic Spectral Data for Manganese and Rhenium Carbonyls 

Complex Bands, cm ~l (e) Assignment Ref 

[Mn(CO)6
+]I BF4-]" 

[Re(CO)6
+][AICU-]" 

CF3Mn(CO)5
6 

CH3Mn(CO)5
6 

HMn(CO)5" 

CIMn(CO)5= 

BrMn(CO)5= 

IMn(CO)5' 

0.NOMn(COV 
HRe(CO)5

6 

CIRe(COV 

BrRe(CO)5* 

IRe(COV 

[Mn(CO)4CI]2
6 

[Mn(CO)4Br]2
6 

[Mn(CO)4I]2
6 

[Re(CO)4CI]2
6 

CIMn(CO)3(NCCHa)2
6 

BrMn(CO)3(NCCHs)2
6 

CIMn(CO)3(Et2O)2" 
CIRe(CO)4(pyridine)6 

CIRe(CO)3(pyridineV 
CIRe(CO)3(5-methyl-

l,10-phenanthroline)e 

CIRe(CO)3(5-bromo-l,10-
phenanthroline)c 

CIRe(CO)3(5-nitro-l,10-
phenanthroline)e 

C5H5Mn(CO)3/ 

49,900(27,000) 
44,500(16,000) 

—39,600(2200)\ 
~37,300 (HOO)/ 
~33,250 (600) 

51,200(77,900) 
47,100(4600) 
44,500(20,000) 
40,700(2900)1 
38,500(150O)J 
36,850(708) 

-37,000 (—3000) 
~46,380 (30,000) 
>52,600 (> 12,000) 
~35,500 (~3000) 
—45,050(28,000) 
—51,020(36,000) 
—30,000 
~33,000 

37,000 
47,280 
50,630 
26,520(600) 
37,000 (—1500) 
45,050(13,000) 

>52,600 
26,070(420) 
37,000(1700) 
43,950(15,000) 
50,500(7000) 
25,000(360) 
33,600(3000) 
36,400(1500) 
42,700(20,000) 
52,630(68,000) 
26,670(1200) 
36,700 
46,510 
28,900 

-31,350 
—37,170 

28,490(300) 
31,060(2260) 
33,220 sh 
26,460(200) 
29,670(1990) 
31,650 sh 
23,100 (—1000) 

—29,400(100-1000) 
23,100(2300) 

—29,400(700) 
22,800(100-1000) 

—28,600(100-1000) 
—27,000 sh 

26,600(—1200) 
26,500(1500) 
25,000 

—28,600 sh 
—29,400 sh 
—23,800 sh 

26,320(4100) 
37,310(30,620) 

—24,050 sh 
25,840(3900) 
36,500(27,500) 

—22,000 sh 
25,190(3800) 
36,630(27,700) 
30,390(1120) 

1 A 1 6 ^ d I T 1 U 
1A18 — C1T111 

Vibrational components of 
1 A 1 8 - 1 T 1 , 
1 A 1 8 - 3 T 1 8 
1A1 8-^d1T1U 
1 A 1 8 - 1 T 2 8 
1A18 — C1T1U 

Vibrational components of 
1 A 1 8 - 1 T 1 8 
1 A 1 8 - 3 T 1 8 

LF? 
M-7T*CO 

M - i r * C O 

LF? 
M-7T*CO 

M-7T*CO 

LF? 

M-7T*CO 

M-7T*CO 
1A1 —

 1E 
LF? 
M-CT 
X—7T*CO 
1 A 1 - 1 E 
LF? 
M-7T*CO 

X—7T*CO 
1 A 1 - 1 E 
LF? 
LF? 
M—7T*CO, X— 7T*CO 

M—7T*CO 
1 A 1 - 1 E 
LF 
M-7T*CO 
1A1 —

 3E 
1A1 —

 1E 
M - **CO? 
1A1 —

 3E 
1A1 —

 1E 
? 
1A1 —

 3E 
1 A 1 - 1 E 
? 

LF 
? 

LF 
? 

LF 

LF 
LF 
LF 
LF 
LF 
LF 

M - L T * 

lntraligand 

M - L * * 

lntraligand 

M - L T ; * 

lntraligand 

11 

11 

117 

117 

117 

117 

117 

117 

118 
117 

119, 120 

119 

119 

117 

117 

117 

120 

117b 
117b 
117b 
120 
120 
120 

120 

120 

25 



Photochemistry of Metal Carbonyls Chemical Reviews, 1974, Vol. 74, No. 4 415 

TABLE XIV (Continued) 

Complex Bands, cm~>(0 Assignment Ref 

CH3COC6H4Mn(CO)3/ 29,590(1640) 25 
C6H5COC5H1Mn(CO)3^ 28,740(2040) 25 
(indenly)Mn(COy 26,670(1415) 25 
Mn1(CO)10 29,400 (~20,000) <?h^<r* 121,122 
Tc1(CO)10 31,700 ab — a* 121,122 
Re2(CO)10 32,300(17,000) <rb-*<r* 121,122 
Mn(CO)4(NO)' 23,360(659) 123 
Mn(CO)3(PPh3)(NO)* 24,450(694) 123 
Mn(CO)3(AsPh3)(NO)* 24,750(696) 123 

° CH3CN, 298°K.b Cyclohexane, 2980K.' MeOH, 2980K.d CHCI3, 2980K.> CH=Ci5, 2980K. / C2H5OH, 2980K.» Et1O, 298°K. 

/ V. Manganese and Rhenium Carbonyls 

A. G e o m e t r i c a l S t ruc ture 

The commonly available carbonyls of Mn and Re have 

the formula Ma(CO)10 with the structure shown in X. The 

OC OC 

I co i co 
O C — M - M — C O 

X 

M 2 (CO) i 0 species are isostructural with M 2 (CO) io 2 _ (M 
=• W ( - l ) , M o ( - I ) , C r ( - I ) ) . 1 1 0 Aside from these 
M2(CO)Io compounds having zerovalent metals, six-coor
dinate M(I) compounds are known including .M(CO) 6

+ -
Numerous substituted derivatives have been prepared in
cluding metal-carbonyl-alkyl compounds where it ap
pears still appropriate to assign the + 1 oxidation state to 
the central metal. The (Cp)M(COh complexes are stable 
and are again viewed as having the substi tut ional^ inert 
d6 electronic configuration. 

A number of structurally interesting Mn and Re com
pounds are known to exist, and some are of importance 
with regard to discussion of excited-state processes. The 
species M2(CO)SX2 (X = halogen) having structure X l 1 1 1 

(CO)4M M(CO)4 
X X ^ 

Xl 
does not have a direct M-M bond. Heteronuclear metal 
carbonyls containing Mn and Re are fairly common and 
include (CO)5Mn-Re(CO)5 ,1 1 2 (CO)4Co-Re(CO)5 ,1 1 3 

[ (CO)5Re]2Fe(CO)4 ,1 1 4 and [ (CO)5Re][(CO)5Mn]Fe-
(CO)4 .1 1 5 The compound Mn 2 Fe(CO) i 4 has the structure 
X I I . 1 1 6 

O = CO 

• = Mn 

• = Fe 

XII 

B. Electronic Structure 
Study of the electronic structure of Mn and Re carbon

yls has been carried out for several different types of 

complexes. Absorption band positions, intensities, and 
likely assignments are set out in Table X IV . 1 1 ' 2 5 ' 1 1 7 - 1 2 3 

The spectra of the d 6 Mn(CO) 6
+ and Re(CO) 6

+ have 
strong similarity to the spectra of V( —I), Cr, Mo, and W 
carbonyls which have the same number of d electrons 
and are assigned accordingly. The lowest electronic tran
sition is assigned as the 1 A 1 g ( t 2 g

6 ) —• 3 Ti g ( t 2 g
5 e g

1 ) LF 
absorption, and the other transitions are identified with 
bands found in the Cr, Mo, and W carbonyls. Replacing a 
CO by a ligand of weaker LF strength reduces the sym
metry to at least C4^. The striking similarity of the elec
tronic spectra of W(CO)5(piperidine) and Re(CO)5CI is 
shown in Figure 5. Thus, though the prevailing litera
tu re 1 1 7 , 1 1 9 identifies the lowest bands as primarily CT in 
nature, it seems reasonable to assign the lowest bands in 
the Re(CO)5X and Mn(CO)5X compounds as the LF tran
sitions 1Ai —*• 1 '3E as in the Cr, Mo, and W analogs. For 
the Mn and Re compounds the spectrochemical ordering 
seems to be consistent with other determinations of the 
series. As with the comparisons of Cr and W, the 
Re(CO)5X compounds appear to exhibit a more intense 

CO ~ H ~ alkyl ~ > -ONO2" > Cl" > B r > I" 

* - 1 0 0 g 

singlet —• triplet absorption than the corresponding Mn 
compounds. 

The lowest absorption maximum for the dihalo-bridged 
compounds M2(CO)6X2 appears to be consistent with an 
approximately c/'s-M(CO)4X2 chromophore. No trans-di-
substituted complexes have been studied, but the shift in 
energy of the first electronic absorption from M(CO)5X to 
CZs-M(COhX2 is expected to be small. The position of the 
first band in these compounds appears to follow the 
same spectrochemical ordering as in the M(CO)5X com
plexes. The c/s-CIRe(CO)4(pyridine) has its lowest elec
tronic absorption band intermediate between Re(CO)5CI 
and [Re(CO)4CI]2 consistent with the known relative LF 
strengths of C l - and pyridine. 

The donor atoms in the coordination sphere of CIRe-
(CO)3pyridine)2 are the same as those of CIRe(CO)3-
(1,10-phenanthroline) but as seen in comparing Figures 6 
and 7 the electronic spectra1 2 0 of these two complexes are 
very different in the low-energy region. A similar relation
ship exists between c/'s-M(CO)4(pyridine)2 and M(CO)4-
(1,10-phenanthroline) (M = Cr, Mo, W) with the 1,10-
phenanthroline complex in each case exhibiting lower en
ergy absorption which is assigned as the M—*7r* phenan-
throline CT absorption. A comparison of the CT band 
position for the 5-methyl-, 5-bromo-, and 5-nitro-1,10-
phenanthroline shows that the more electron-withdrawing 
substituents gives a lower energy band maximum con
sistent with the M—*L direction of the CT excitation. 

The lowest energy band maxima for several 
(Cp)Mn(CO)3 complexes25 are included in Table XIV, but 
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~ / \ -

300 350 400 
Wavelength, nm 
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Figure 5. Comparison of electronic absorption spectra of 
W(CO)5(piperidine) (-—) and Re(CO)5CI ( ). Maximum « at 
405 nm for the former is «5000 and for the latter at 320 nm 
«2000. 

33.3 
Energy, crrf 'x IO"3 

25.0 20.0 I6/7 

300 400 500 
Wavelength, nm 

600 

Figure 6. Absorption (left) and emission (right) at 298°K (—) 
and 77°K ( ) of CIRe(CO)3(1,10-phenanthroline) in EPA. 
Room-temperature absorption maxima are at 26,100 c m - 1 (t 
4000) and 37,030 c m " 1 (t 30,600). Emission at 298 and 770K 
were not recorded under the same sensitivity (ref 120). 

detailed assignments have not been made. The sensitivity 
of the band positions to substitution in the ring implicates 
substantial M—>-7r*(Cp) character. 

The electronic spectra of the dimeric M 2 (CO) i 0 

species are dominated by an intense (e >104 ) absorption 
band in the vicinity of 31,000 c m - 1 . This band is not 
present in the M ( C O h + complexes, and energetic con
siderat ions1 2 1 , 1 2 2 rule out a M—>-7r*CO CT assignment. 
Assignment of the band as one associated with the M-M 
bond can be rationalized by a qualitative MO diagram 
(Scheme V). 1 2 1 The dimer can be viewed as being com
posed of two C4l) M(CO)5 fragments of d 7 electronic con
figuration with the unpaired electron being in the tiz2 
orbital. Overlap of the d^2 orbitals forms the cr-bonding 
and rj-antibonding orbitals. As indicated in the diagram, 
the M2(CO)io species is diamagnetic and should exhibit 
a (Jb ~~* Gz* one-electron excitation. This transition asso
ciated with the M-M bond may be quite important in in
terpreting the photochemistry of the M-M bonded 
species (vide infra). 
SCHEME V 

(OC)5M-

^-Hc; 

,T-d[-

(OC)5M-M(CO)5 

4#i 
U-d 

-M(CO)5 

; ; > ^ - d z ; 

" ] .T-d 

The spectra of M(CO)5(X) (M = Mn, Tc, Re) can all 
be viewed in a similar fashion, but unless X = M(CO)5 

250 300 350 
Wavelength, nm 

Figure 7. Absorption spectrum of 7.8 X 1O - 5 M CIRe(CO)3(py-
ridine)2 at 2980K in CH2CI2 in a 1.0-cm path length (ref 120). 

the relative orbital electronegativities will be different. 
Consider the MO diagram (Scheme Vl) of Mn(CO)5CH3 , 
where only a interaction with the dzz orbital is shown. 
In these situations the <rb .—• az* one-electron excitation 
is referred to as L—*M CT. The [7r-d] level is essentially 
noninteracting with regard to the M-CH3 bond. The [?r-d] 
—*• az* excitations are LF transitions, and their effect on 
bonding interactions has already been mentioned for the 
isoelectronic Cr, Mo, and W carbonyls. One notable point 
to be made here is that changes in reactivity upon LF or 
L—*M CT excitation are due to the differences in the or
bital, that is, depopulated since for both excitations the 
C2* orbital becomes singly occupied. 

SCHEME Vl 

(OC)5Mn- (OC) 5 Mn-CH 3 

dz*-K" 

-CH, 

^dI"1 
• ]7 i -d 

-M-v3 

N4K' 
The complexes Mn(CO)3(X)NO (X = CO, PPh3, 

AsPPh3) are formally d8 systems, isoelectronic with 
Fe(CO)5. A low-energy band maxima is at higher ener
gies for X = AsPPh3 or PPh3 than for X = CO,1 2 3 De
tailed interpretation is not possible without further study 
of this system. 

C. Luminescence Studies 
Only one series of Re carbonyl complexes have been 

reported to luminesce.120 Generally, the CIRe(CO)3(phe-
nanthroline-X) complexes luminesce at either room tem
perature or below as solids, in fluid solutions, or in glassy 
media. The emission is at least partially spin-forbidden in 
nature as evidenced by lifetimes and quenching studies. 
Luminescence data for several complexes are outlined in 
Table XV. 

Since the CIRe(CO)3(L) systems luminesce in fluid so
lution, this represents the first direct observation of the 
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TABLE XV. Luminescence Data for 
CIRe(CO)3(L) Complexes" 

Emission 
max, kern-1 

770K 298°K 
r, sec X 10« 15% 
77°K 2980K6 770K 

1,10-Phenanthroline 18.94 17.33 9.6 0.3 0.33 
2,2'-Bipyridyl 18.87 3.8 0.6 
5-Methyl-l,10-phenanthroline 18.83 17.01 5.0 0.33 
4,7-Diphenyl-l,10- 18.18 17.24 11.25 0.4 

phenanthroline 
5-Chloro-l,10-phenanthroline 18.69 17.12 6.25 
5-Bromo-l,10-phenanthroline 18.69 17.09 7.6 0.20 
5-Nitro-l,10-phenanthroline 18.28 11.8 O.O33 
l,10-Phenanthroline-5,6- 18.45 2.5 

dione 

0 Reference 120; 77°K measurements in EPA; 298°K measure
ments in CH2CU.b Deoxygenated solutions. 

excited state of a metal carbonyl under conditions where 
photochemistry is normally carried out. The use of these 
as reagents for studies involving electronic energy trans
fer and nonradiative decay in solution has some promis
es. Intersystem crossing in these complexes measured 
by sensitized isomerization of frans-stilbene is very near 
unity as expected for systems involving a third row 
metal .1 2 0 The order of magnitude decrease in lifetime at 
298°K compared to the 77°K data is consistent with ac
celerated rates of nonchemical, nonradiative decay. 

D. Photoreactions 

1. Substitution Reactions 

a. M(CO)n(L)6-n Complexes 
No detailed studies of the photoreactions of the simple 

d 6 six-coordinate Mn, Tc, or Re carbonyls have been re
ported. However, several qualitative observations have 
appeared in the literature and merit attention here. It was 
recently found that reaction 32 proceeds photochemical-

M(CO)5X 
hi' 

(CO)4M M(CO)4 + 2CO (32) 

X 

M = Mn M = Re 
X = Cl, Br X = Cl, I 

i y 117b,124 F o r t h e Re(CO)5CI the disappearance quantum 
yield at 313 nm is >0 .50 , 1 2 5 indicating that this reaction 
dominates all other excited-state pathways. It was point
ed out that Mn-Cl cleavage to yield Cl does not obtain 
upon 436-nm photolysis of Mn(CO)5CI since Mn 2 (CO) i 0 

is not found when irradiation is carried out in the pres
ence of 1 atm of C 0 . 1 1 7 b The lack of heterolytic M-Cl 
bond cleavage is consistent with the predicted3 2 relative 
photolability of C l " vs. CO, the former being a x-donor 
and the latter a 7r-acceptor ligand. Higher energy excita
tion may yield L—•M CT resulting in M-X cleavage. 

The photoreactions of a number of Mn(CO)5(L) (L = 
strong c-bonded ligand) complexes have been reported. 
Among these studies is the recent low-temperature pho
tolysis of Mn(CO)5H which undergoes loss of CO to form 
a five-coordinate species of trigonal-bipyramidal structure 
(reaction 33) . 1 2 6 The regeneration of the Mn(CO)5H by 

Mn(CO)5H 
228 nm 
15°K, Ar 

[HMn(CO)4 + CO] (33) 

285 nm 

lower energy photolysis may be due to localized soften
ing of the environment allowing thermal recombination of 

the coordinatively unsaturated intermediate and the lig
and. The direct observation of the five-coordinate species 
does serve to establish the dissociative nature of the CO 
photosubstitution. Additionally, the implication of the tri
gonal-bipyramidal structure for HMn(CO)4 leads to the 
expectation that the stereochemical significance of pho-
toproducts HMn(CO^L will be clouded. Interestingly, the 
photoinduced 13CO incorporation into Mn(CO)5Br re
vealed no difference in the rate of axial vs. equatorial 
substitution, while the thermal reaction proceeded to give 
axial substitution at a rate equal to 0.74 times the equa
torial rate.1 2 7 These experiments provide support for dif
ferent intermediates in the thermal and photosubstitution, 
but aside from this difference in reactivity no information 
is available regarding other properties of the intermedi
ates with the exception that they are fluxional and five-
coordinate.127 

Irradiation of R3CMn(CO)5 (R = H, D, F) at 17°K in an 
argon matrix has been shown to produce a five-coordi
nate acyl derivative (reaction 34).1 2 8 The role of the light 

O 

R3CMn(CO)5 - ^ j f R3CCMn(CO)4 (34) 

R = H, D, F 
in this reaction is not clear: is the primary process rup
ture of the Mn-CR3 or the Mn-CO bond? 

The photolysis129 of (CO)5Mn(CT-C3H5) represents one 
of the earliest reports of a reorganization of bonding be
tween the metal and the hydrocarbon group induced by 
photodissociation of CO (reaction 35). The decarbonyla-

Ia-C3H5)Mn(CO)5 (Tr-C3H5)Mn(CO)4 + CO (35) 

tion reaction in (36) proceeds in 10.5% yield at - 6 8 ° , 1 3 0 

but the primary photoprocess is not obvious. Interesting-

Mn(CO)3 + 3CO (36) ( I ) - C-Mn(CO)5 ^ ? 

Iy, the room-temperature photolysis yields only 
Mn2(CO) 10 and bitropyl, implicating Mn(CO)5 radical in
termediates. 

Finally, with respect to the six-coordinate 
M(CO)n(L) 6 - n complexes, highly substituted derivatives 
of Mn(CO)5H are formed via irradiation in the presence 
of PF3 (reaction 37).1 3 1 The PF3 is, as usual in these 
cases, a strong x-acceptor ligand capable of stabilizing 
low oxidation states of the central metal. 

Mn(CO)5(H) HMn(CO)„(PF3)5_n (37) 

n = 4, 3, 2, 1, 0 

b. ( C p ) M ( C O ) 3 Complexes 

As with the (arene)M(CO)3 (M = Cr, Mo, W) com
plexes the dominant photoreaction of (Cp)M(CO)3 (M = 
Mn) is loss of CO, which leads to monosubstituted prod
ucts (reaction 38). Most work has dealt with the first row 

(Cp)Mn(CO)3 - ^ * (Cp)Mn(CO)2L + CO (38) 

Mn system though reaction 391 3 2 has been recently re
ported which is probably initiated by loss of CO. The 

(Cp)Re(CO)3 
cyclohexane, N2 

^ 0 ^ @ > 

(OC)2Re-—-Re(CO)2 (39) 
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TABLE XVI. Photosubstitution Reactions of (Cp)Mn(CO)3 TABLE XVII. Photosubstitution Products of M2(CO)1, 

Entering group, L Product(s) Ref M Entering group, L Product(s) Ref 

Tetrahydrofuran 
(Ph.PCH.CHO.N 
(CH3), NPF2 

Cr1H10NPF2 

2,3-Diazabicyclo[2.2.21-
hept-2-ene 

Pyridine 
Piperidine 
SO, 
PPh3 

1,3-Butadiene 
Ethylene (other 

alkenes) 
Benzene 

(Cp)Mn(CO)2L 
(Cp)Mn(CO)L 
(Cp)Mn(CO)L2 

(Cp)Mn(CO)L2 

(Cp)Mn(CO)2L 

(Cp)Mn(CO)2L 
(Cp)Mn(CO)2L 
(Cp)Mn(CO)2L 
(Cp)Mn(CO)2L 
(Cp)Mn(CO)L2 

(Cp)Mn(CO)L 
(Cp)Mn(CO)2L 

(Cp)Mn(L) 

134 
135 
82 
82 
70 

136 
137 
138 
139 

140 
141 

142 

Mn 

Re 
Mn 

Re 

Mn 
Mn 

PPh, 

P(OCeH5),
1 

P(C2Hs), 
P(CeH4F), 
As(CeH5), 
PF, 
PF, 

Mn2(CO)9L 
Mn2(CO)8L2 

Mn2(CO)8L2 

R e 2 ( C O V n L n 

Mn2(CO)10_„Ln 

(n = 1, 2, 3) 
CH3P(C6Hs)2 Re2(COVnLn 

13CO 
(n = 1, 2, 3) 
Mn 2 (CO) n ( I 3 COV n 

CH 2 =CHCN] Mn2(CO)9L 
C6H5CN 
CH3CN 

} (equatorial) 

J 

155 
155-158 

155 

159 
159 

160 

161 
162 

quantum yield for (38) is 1.0 for L = acetone and di-
phenylacetylene133 and presumably for other ligands as 
well. Again it is likely that (38) will proceed for any L 
having any nucleophilic character at all. This fact is dem
onstrated by the large number of examples in Table 
X V l 70,82,134-142 

Further loss of CO from (Cp)Mn(COhL has been ob
served in several cases notably for L = good 7r-acceptor 
ligand as evidenced by the examples given in Table XVI. 
All CO's have been displaced in the formation of 
(Cp)Mn(benzene).142 

The coordinatively unsaturated intermediate from 
(Cp)Mn(COh is susceptible to oxidative addition like its 
(arene)Cr(CO)3 analog (reaction 4O).81 The resulting 

^S? 
(Cp)Mn(CO)3 

CUSiH 
(OC)2Mn — SiCI3 

H 

(40) 

product is a distorted square pyramid and formally seven-
coordinate. 

Several examples of dinuclear complexes formed via 
photolysis in the presence of a bidentate ligand have 
been reported.1 4 3 - 1 4 6 One typical example is shown in 
reaction 41. Photolysis of the dinuclear complex can re-

(Cp)Mn(CO)3 
Ph2PCH2CH2PPh2 

(Cp)Mn(CO)2P(Ph2)CH2CH2(Ph)2PMn(CO)2(Cp) (41) 

suit in the formation of the mononuclear 
(Cp)Mn(CO)L.1 4 3 This may be the only example of a 
(Cp)Mn(CO)nL3-^i complex where the Mn-L is photolabil-
ized, and even here it is possible that CO is lost first. 

No one has claimed that substitution of the cyclopen-
tadienyl ring is a primary photoprocess. Like with (ar-
ene)Cr(CO)3 it is probable that the six-electron donor 
system is not labilized by a one-electron excitation to the 
degree of the two-electron donor CO groups. Finally, the 
only derivative of a substituted cyclopentadienyl that has 
been studied, (CH3Cp)Mn(CO)3 , behaves like the parent 
S p e C i e S . 81 .136,143,147 

c. M n ( C O ) 4 N O 

The five-coordinate Mn(CO)4NO complex is isoelectro-
nic with Fe(CO)5. LiKe Fe(CO)5, the photoinduced loss 
of CO leads to a dinuclear carbonyl (reaction 42).1 4 8 

2Mn(CO)4NO Mn2(CO)7(NO)2 + CO 

As(CHs)2 

Re, Mn F2C-C 

F2C-C 

M2(CO)8L 

(bridging L) 

163, 164 

As(CHs)2 

Low-temperature photolysis in an argon matrix has re
vealed formation of a coordinatively unsaturated species 
(reaction 43) which itself is photosensitive.149 The 

Mn(CO)4NO 
150K, Ar 

A, 30°K 

Mn(CO)3NO + CO 

- / l 5 ° K , A r hv 

Mn(CO)2NO + CO (43) 

Mn(CO)3NO intermediate is presumably involved in the 
room-temperature photochemistry (reaction 42 or 44), to 
produce Mn(CO)3L(NO) complexes.123 

Mn(CO)4(NO) Mn(CO)3(L)NO + CO (44) 

L = PPh3, AsPh3, P(D-Bu)3 

Quantum yields for reaction 44 were less than unity 
and found to depend both on the entering group L and for 
PPh3 its concentration.123 These two facts were interpret
ed as indicative of an associative contribution to the dis
sociative path for substitution. Such a result may be 
reasonable if the nature of the Mn-NO interaction is 
changed photochemically such as a change from NO = 
three-electron donor to NO = one-electron donor. 

2. Photoactivation of the M-X Bond in Mn(CO)5X 

A number of reports now exist revealing that the Mn-X 
bond can be cleaved by photolysis of Mn(CO)5X for a 
wide variety of cr-bonded X groups including R3Sn, R3Ge, 
and alky). Examples have already been presented of a pho-
toassisted carbonylation (reaction 34) and decarbonyla-
tion (reaction 36), but in these examples it is not clear 
that cleavage of the Mn-X bond is the primary excited-
state decay path. The homolytic scission of Mn(CO)5X to 
yield Mn(CO)5 and X might be expected if high-energy 
excitation is used to ensure achievement of the ob-az* 
(L - *M CT) excitation. 

Existing experimental reports lead to conflicting con
clusions regarding the dominant primary photoreaction. 
The insertion reaction 45 is reported to go in essentially 

CH3Mn(CO) 
(42) 

F 2 C = C F 2 

5 - ^ T -
1 - 2 atm 

CH3CF2CF2Mn(CO)5 (45) 



Photochemistry of Metal Carbonyls Chemical Reviews, 1974, Vol. 74, No. 4 419 

TABLE XVIII. Photoreactions of M2(CO)10 Involving Rupture of the M-M Bonds 

Starting M-M bonded species Added reagent(s) 

Chlorinated 
solvent 

Fe(CO)5 

Fe(CO)5 

Fe(CO)5 

HBr 
CCI1 

ecu 
I* 
I2 

Product(s) 

CIMn(CO)3(phen) 
+ CIMn(CO)5 

] (CO)5M-Fe(CO)4-
i M(CO)5 

+ 
J MnFe(CO)10 

ReMn(COX0 

BrMn(CO)5 

CIRe(CO)5 

CIMn(CO)5 

IMn(CO)5 

IRe(CO)5 

Mn,(CO)10 + 
[Re(CO)3(phen)]; 

Ref 

Mn2(CO)8(I1IO-
phenanthroline) 

Re2(CO)10 

Mn2(CO)10 

Tc2(CO)10 

Re2(CO)10+ Mn2(CO)10 

Mn2(CO)10 

Re2(CO)10 

Mn2(CO)10 

Mn2(CO)10 

Re2(CO)10 

(CO)5Mn-Re(CO)3(phen) 

quantitative yield,1 5 0 while simple substitution in reaction 
46 gives good yields as wel l .1 5 1 Additionally, reaction 47 
goes smoothly, yielding simple substitution products.131 

pyridine 
C6F5Mn(CO)5 > C6F5Mn(CO)4(pyridine) 

HC2F4Mn(CO)5 
hv 

PF, 
HC2F4Mn(CO)4PF3 

(46) 

(47) 

However, aside from the insertion reaction in (45), 
other systems give varying ratios of insertion and what 
appear to be free radical coupling products. For example, 
consider the photoreactions of (CH3)3GeMn(CO)5 in the 
presence of C2F4 and CF3CFCF2, reactions 48 and 49, 
respectively.152 The analogous (CH3J3SnMn(CO)5 under-

(CHa)3GeMn(CO)5 ?J=c?l 

(CH3)3GeF + CH3GeCF2CF2Mn(CO)5 + Mn2(CO)10 (48) 

CF C r l C F ' Mn2(CO)10 + CF3CFCFMn(CO)5 (49) 

50°, pentane 

goes no decomposition at 130°, but upon photolysis 
under conditions as for the (CH3)3Ge compound rich 
chemistry is obtained1 5 3 (reaction 50). 

(CH3)3SnMn(CO)5 r ^ r F » C5F9Mn(CO)5 + 
F,C=CF, 

(CH3J3SnCF2CF2Mn(CO)5 CF2=CFCOMn(CO)5 + 

[CF2=CFMn(CO)J2 (50) 

It is therefore clear that photolysis can activate the 
Mn-X bond in XMn(CO)5 complexes, and substantial ac
tivation of hydro- and fluorocarbons can be ob
ta ined. 1 5 2 - 1 5 4 However, answers to questions regarding 
structure-reactivity relationships are not yet available. 

3. Photoreactions of 
(OC)5.nLnM-M(CO)5.mL'mComplexes 

The parent carbonyls of Mn and Re, M 2 (CO) i 0 , may be 
viewed as special cases of M(CO)5X where X = M(CO)5 . 
As has already been pointed out, these complexes exhibit 
an intense electronic absorption band corresponding to a 
<rb - * Gz* transition associated with the metal-metal 
bond. Such one-electron transitions should substantially 
reduce the strong M-M interaction. Consistent with this 
notion are several qualitative reports which, by products 
alone, suggest that a large fraction of absorbed quanta 
result in declusterification, yielding mononuclear prod
ucts. Contrary to these results are several claims that 
simple CO substitution occurs upon photolysis of 
M2(CO)io. Detailed examples of each of these are out
lined below. 

165 

166 

115 
167 
124a 
168, 169 
169 

124b, 169 
170, 171 

In Table XV I I 1 5 5 " 1 6 4 we list simple CO substitution 
products obtained via photolysis of Mn2(CO)io or 
Re 2 (CO) i 0 . Generally, the incorporation of L proceeds 
stepwise, and L assumes either an axial position if it is a 
good 7r-acceptor or an equatorial position if L is a N-
donor. A chelate ligand can bridge both metals as in reac
tion 51 153,164 substitution reactions of M2(CO)1 0 appear 
to occur with relatively modest efficiencies in contrast to 

F—C—C 
/ 

As(CH3)2 

Mn2(CO) 10 
F — C - C , 

\ 
As(CH3); 

(CO)4Mn 

\ 
(CH3J2As. 

- Mn(CO)4 

/ 
As(CH3I2 

C = C 

(51) 

F o C - C F , 

other metal carbonyls and are often accompanied by 
"decomposit ion." However, no quantum yield information 
is available, and no one has determined the wavelength 
dependence of these reactions. 

Photoproducts arising from rupture of the M-M bond in 
M2 (CO)1 0 and related speices are set out in Table 
X V I H 124,165-171 | t n a s recently been determined that 
reaction 52 occurs with a quantum yield of 0.60 and with 

Re2(CO)10 
313nm 

CCi4 ' 
2Re(CO)5CI (52) 

the stoichiometry shown.1 2 4 Further, irradiation of 
Mn2 (CO)1 0 in the presence of HBr gives a nearly quanti
tative yield of Mn(CO)5Br1 6 7 or Mn(CO)5CI in CCI4 .1 6 9 

This quantum yield and stoichiometric data provide sub
stantial evidence that a principal primary decay path is 
symmetrical cleavage of the M-M band followed by radi
cal-like reactions of the resulting metal containing frag
ments. Other observations in support of such a decay 
path are the products indicated in Table XVI I I . Unsym-
metrical cleavage to yield M(CO)4 and M(CO)6 frag
ments172 seems unlikely in view of these results. 

The high quantum yield for Re(CO)5CI formation from 
Re2(CO)1 0 in CCI 4

1 2 4 a indicates that CO dissociation is 
not as important as M-M bond cleavage. Aside from pho-
todissociation of CO one may envision a substitution 
mechanism like that indicated in Scheme VI I , where RX 
is an alkyl halide and L is a nucleophile. The mechanism 
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TABLE XIX. Uv-Visible Absorption Data for Iron, Ruthenium, and Osmium Carbonyls 

Complex Bands, cm - 1 (e) Ref 

Fe(CO)1 

Fe(CO)4
2" 

Fe2(COy-
Fe3(CO)11

2 

Fe4(CO)13
2 

-35,500(3800) 
-40,000(40,000) 

33,000 ( . . . ) 
28,800(8920) 
20,600(3160) 
20,000(4470) 

25, 187 

188 
188 
188 
188 

0 _ / CH(CH3J2 

HSC. / " ^ / 
"CH 

I3C' 
^ S ^Fe(CO) 4 

O 
n i CH(CH3J2 

H3C. Y \ / 
CH 

Fe(CO)3 

Q-Fe(CO)3 

[Fe(CO)3Br]. 

Fe(CO)2I]5 

(l,3-butadiene)Fe(CO)3 

29,000(1600) 
41,000(12,000) 

24,000(520) 
30,700(2400) 

23,500(550) 
29,700(1980) 
42,200(11,900) 

29,500(5500) 
32,500(8600) 
38,800(22,400) 

29,000(4400) 
33,200(13,200) 
40,000(22,800) 

21,700(900) 
28,300(7600) 
19,500(700) 
27,400(3200) 
36,000(2460) 

-47,300 (23,000). 

189 

189 

190 

190 

190 

191 

191 

25 

f H)-Fe(CO)3 

28,400(2820) 
33,800(2760) 
37,900(5900) 

192 

O 

Fe(CO)3 

29,400(1780) 
33,600(5000) 

192 

TABLE XX. Colors of the Carbonyls of Fe, Ru, and Os" 

Complex 

Fe(CO)6 

Fe2(CO)9 

Fe3(CO)1= 
Ru(CO)5 

Ru3(CO)12 

Os(CO)5 

Os3(CO)1. 
[(Cp)Fe(CO)2]2 

[(Cp)Ru(CO),], 
[(Cp)Os(CO)..], 

Reference 193. 

Color 

Yellow 
Orange 
Black-green 
Colorless 
Orange-red 
Colorless 
Yellow 
Red-purple 
Orange-red 
Yellow 

M(CO)nL5-H regenerates the M-M bond, while in the 
presence of an alkyl halide halogen atom abstraction 
may compete to yield XM(CO)nLs-H-

SCHEME VII 

M2(CO)1 

hv 

A 
2M(CO)5 

AJRX 

M(CO)5X 
+ 
R-

^ M(CO)4L + CO 

A I M(CO)5 

(OC)5M-M(CO)4L 

outlined in Scheme VII depends upon the efficient scis
sion of M2(CO)-I0 to yield d 7 M(CO)5 species which may 
be thermally substitution labile. Subsequent coupling of 

The formation of new cluster compounds can also be 
achieved by photolysis of M2(CO)1 0 in the presence of 
other metal carbonyls. Irradiation of M2(CO)m in the 
presence of Fe(CO)5 , for example, yields species pre
sumably having the structure indicated as X I I . 1 6 6 Mixed 
M - M ' species can be either formed1 1 5 or declusteri-
f i ed 1 7 0 ' 1 7 1 by irradiation with ultraviolet light. 
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V. Iron, Ruthenium, and Osmium Carbonyls 

A. Geometrical Structure 
The commonly available carbonyls of iron include 

Fe(CO)5 (XI I I ) ,1 7 3 Fe2(CO)9 (X IV) , 1 7 4 ' 1 7 5 and 
Fe 3 (CO) 1 2

1 7 6 - 1 7 7 (XV). In each case the central metal is 

O = CO 
• = Fe, Ru, Os 

XIV 

formally in a zero oxidation state. The mononuclear and 
dinuclear complexes for Ru and Os are known but the 
most stable complexes containing only the metal and CO 
are M 3 ( C O h 2 having no bridging carbonyls as shown in 
X V | 178-181 

O = CO 
• = Ru, Os 

Cyclopentadienyl complexes containing Fe, Ru, Os, 
and CO are known and can exist as dimeric species with 
a metal-metal bond. Again, the first row Fe complex has 
bridging CO's (XVI I ) 1 8 2 while the second row Ru has 
both the bridged and nonbridged forms and the Os com
plex has no bridging CO's (XVI11).182-185 These com
plexes may be viewed as having the central metal in a 
+ 1 oxidation state, but the complexes are diamagnetic 
by virtue of the direct M-M bond. 

XVIII 

Formally, the + 2 oxidation state of the metals obtains 
in M(CO)4X2 (M = Fe, Ru, Os; X = Cl, Br, I), and the six 
ligands are in the usual On-l ike arrangement.186 Higher 
oxidation states of iron apparently do not yield stable CO 
complexes and have been of little interest to photochem-
ists. 

B. E lec t ron ic S t ruc ture 

Even though the photochemistry of Fe(CO)5 and its 

derivatives has been pursued vigorously for about 15 
years, little effort has been devoted to a detailed study of 
electronic spectra. The spectrum of Fe(CO)5 itself exhib
its a shoulder in the vicinity of 40,000 c m - 1 and another 
at 35,500 c m - 1 but otherwise seems featureless.2 5 '1 8 7 

Some uv-visible absorption data for Fe, Ru, and Os car
bonyls are set out in Table XIX, 2 5 ' 1 8 7 - 1 9 2 and in Table 
XX193 the colors of the simple carbonyl complexes are 
given. 

For the M(CO) n L 5 . n complexes one might expect both 
CT and LF absorption. The d orbital ordering in D3n sym
metry is shown in Scheme VI I I , and the first absorption 
maximum in Fe(CO)5 has been identified as the 

dxy , d x 2 - y 2 — d z2 

transit ion.187 There seems to be only one other sugges
tion that the low-lying transitions in these complexes are 
LF.1 9 4 Much of the intense high-energy absorption in 
M(CO) n L 5 . n is logically associated with M—>-7r*C0 and 
M—»L CT absorption. 

SCHEME VIII 

-H-H-
-H--rf °«, dyz 

The information in Tables XIX and XX support the no
tion that some low-energy electronic transitions of the 
polynuclear compounds can be associated with the M-M 
bonds. There is also a tendency for the electronic transi
tions to be ordered energetically Os > Ru > Fe. Trivially, 
these data mean that the excited-state chemistry in the 
lighter metal complexes will likely occur at lower energy 
excitation wavelengths. Additionally, this observation may 
be correlated with greater thermal stability of the heavier 
metal complexes and perhaps greater relative enhanced 
lability upon electronic excitation. This final conclusion 
arises from the assumption that depopulation or popula
tion of orbitals which are more stable or unstable, re
spectively, will have a more substantial effect on reactivi
ty. 

C. Photoreact ions 

1. Substitution Reactions 

a. M ( C O ) r e L 5 . n Complexes 

It now appears that all the M(CO)5 (M = Fe, Ru, Os) 
complexes are photosensitive with respect to substitution 
of CO. Dissociative decay of [M(CO) 5 ] * to yield M(CO)4 

is almost a certainty with the coordinatively unsaturated 
Fe(CO)4 having been observed by ir in low-temperature 
glassy media51 and by flash photolysis.195 The labeled 
CO's, 1 3CO, 1 9 6 a C 1 8 0 , 1 9 6 b and i 4 C0, 1 9 6 c have been in
corporated into Fe(CO)5 by photolysis. However, in the 
absence of any nucleophiles photoclusterification reac
tions proceed yielding M2(CO)9 , M 3 (CO) i 2 , and other 
species containing only M and CO. In fact, reaction 53 ' 9 7 

is the earliest reported photoreaction of a metal carbonyl. 

hv 
2Fe(CO)5 —»• Fe2(CO)9 + CO (53) 

The formation of Fe 3 (COh 2 may be a thermal product of 
Fe2(CO)9 rather than a primary photoproduct via tr imeri-
zation of three Fe(CO)4 fragments. The earliest study198 

of Ru(CO)5 and Os(CO)5 in the absence of nucleophiles 
was carried out at ambient temperatures, and the corre
sponding M 3 (CO) i 2 species were obtained, but low-tern-
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TABLE XXI. Photosubstitution of Mononuclear Iron, Ruthenium and Osmium Carbonyls 

Starting complex Entering group, L Product(s) Ref 

Fe(CO)5 

Fe(CO)3I(MeO)3P]1 

Ru(CO)3I(MeO)3P], 
Ru(CO)5 

Os(CO)5 

Fe(CO)5 

Fe(CO)5 

(1,3-butadiene)-
Fe(CO)3 

(1,3-butadiene)-
Fe(CO)3 

(1,3-cyclohexadiene)-
Fe(CO)3 

Fe(CO)2(PF3), 

Fe(CO)5 

Fe(CO)5 

Fe(CO)5 

Fe(CO)5 

CF5CFCI 
Fluoro olefin 
Fluoro olefin 
PPh3 

PPh3 

F2C-CF2 
j ! 
1 I 

(CH3)AsC=CAs(CH3)J 
F1C-CF2 

i I 
I I 

(Ph)2PC=CP(Ph)2 

"CO 

PF3 

PF3 

PF3 

Br 

AsPh3 

PPh3 

Fe(CO)4L 
Fe(CO)2I(MeO)3P]2L 
Ru(CO)2I(MeO)3P]3L 
Ru(CO)1L 
Os(CO)4L 

Fe(CO)4L 

Fe(CO)3L 
(1,3-butadiene)-

Fe(CO)„(L)3_„ 
(n = 2, 1, O) 

(1,3-butadiene)-
Fe(CO)L2 

(1,3-cyclohexadiene) 
Fe(CO)„(L)3_„ 
(n = 2, 1, 0) 

Fe(PF3), 

Fe(CO)4L 
[Fe(CO)3]2L 

Fe(CO)4L 
Fe(CO)3L2 

Pyridine 
Piperidine 
Acetonitrile 
CH 2 =C-CN 
CN-
SCN-

Fe(CO)4L 

(axial substitution) 
Fe(CO)4L 

200 
201 
201 
198 
198 

202 

202 
203 

203 

204 

205 

206 

207 

208 

209 

perature photolysis199 yields the M2(COIg intermediates 
which undergo thermal reaction to give the trimeric 
species. 

In the presence of a wide variety of entering groups 
M(CO) n (L ) 5 . „ complexes are formed from M(CO)5 (M = 
Fe, Ru, Os) and some recent examples are set out in 
Table x x i . 1 9 8 - 2 0 0 - 2 0 9 The examples cited clearly demon
strate the fact that CO lability in M(CO) n L 5 . n and its de
rivatives is achieved upon photolysis. Further, the work of 
Clark and coworkers2 0 3"2 0 6 provides the now familiar re
sult that ligands most like CO will be incorporated to the 
highest degree. However, none of the studies reported 
thus far direct attention to the excited state substitution 
lability of ligands other than CO in the carbonyl deriva
tives. 

The coordinatively unsaturated intermediates formed 
via photolysis of M(CO)5 are susceptible to oxidative ad
dition, and some interesting reactions have been re
ported. For example, photolysis of Fe(CO)5 in the pres
ence of HX (X = Br, I) leads to the product indicated in 
reaction 54.1 9 1 The reaction is thought to proceed by ini-

^ X ^ 
Fe(CO)5 

HX 
(CO)3Fe, 

^ X / 
Fe(CO)3 + 2CO + H2 (54) 

tial formation of Fe(CO)4(H)(X), followed by dimerization 
of this six-coordinate species to evolve CO and H2. Reac
tion 55 represents another recent example where the pr i - , 

Fe(CO)5 ^ ~ CZs-Fe(CO)4(SiR3)(H) (55) 

R = Ph, Cl 

mary product is stable,81 Alkyl halides and allyl halides 
also add to the photogenerated coordinatively unsatu
rated species as in reaction 56.2 1 0 

Fe(CO)5 
Ho^ CHCH2X 

(OC)3Fe 
7\ 

•x 
(56) 

b. ( a r e n e ) F e ( C O ) n ( L ) 3 - n Complexes 

Both cyclobutadiene and cyclopentadienyl complexes 
of iron carbonyl have been subjected to photolysis and it 
appears, at least qualitatively, that loss of CO is the pri
mary decay path of the excited state. The (cyclobutadi-
ene)Fe(CO)3 complex is very analogous to the (ben-
zene)Cr(CO)3 and (cyclopentadiene)Mn(CO)3 in that 
each central metal is formally d6 . Thus, being like the Cr 
and Mn systems, it is not surprising that reaction 57 ap
pears to dominate the chemical action. There are now 

¥ 
Fe(CO)3 

hv 

L 
Fe(CO)2L + CO (57) 

several reports describing the formation of the substituted 
complexes.2 1 1 - 2 1 4 Release of cyclobutadiene itself is 
probably a very inefficient primary excited state decay 
path of (C4H4)Fe(CO)3 . 

A larger number of simple photosubstitution reactions 
have been carried out with cyclopentadienyliron carbonyl 
complexes. Complexes of the formula (Cp)Fe(CO)2(X) 
(X = halogen, alkyl, etc.) have received considerable at
tention, and some recent photosubstitution products are 
collected in Table X X I I . 8 2 - 8 5 ' 1 3 5 , 2 1 5 ' 2 1 6 As with prior ex
amples, CO photosubstitution can be achieved by using 
good 7r-acceptor entering groups. It is even possible to 
displace the ligand X in certain cases though this does 
not appear to be an important primary photoprocess. 
Homolytic cleavage of the Fe-X bond might be expected 
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TABLE XXII. Photosubstitution Reactions of CpFe(CO)2X 
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Starting material Entering group, L Product(s) Ref 

(Cp)Fe(CO)2I 

(Cp)Fe(CO)3Br 

(Cp)Fe(CO)2CI 

(Cp)Fe(CO)2Sn(CHO3 

(Cp)Fe(CO)2SnPh3 

[(Cp)Fe(CO)2J2 

Et2NPF2 

C6H10NPF2 

[Ph2PCH2CH2PPhCH2], 
C6H10NPF2 

(Ph2PCH,CH2)2PPh 
Ph2PCH2CH2PPh2 

(Ph2PCHsCHOsPPh 
SbPh3 

(CH3)2PPh 
Ph2PC=CPPh2 

(Cp)Fe(CO)LI 
(Cp)Fe(L)2I 
(Cp)Fe(L)2I 
[(Cp)FeL]+!-
(Cp)Fe(L)2I 
[(Cp)FeL]+Br 
(Cp)FeLCI 
[(Cp)FeL]+CI-
(Cp)Fe(CO)LSnPh3 

(Cp)FeL2SnPh3 

(Cp)FeL2SnPh3 

[(Cp)2Fe2(CO)3]L 

82 

135 
82 
85 
85 
85 
215 

215 
216 

upon higher photolysis to achieve a o- —*• o-* excitation, 
while LF transitions may not labilize the halides since 
they are 7r-donor groups and would gain some stability 
via depopulation of the metal 7r-d level. 

Other interesting consequences of CO dissociation 
from (Cp)Fe(CO)2X include intramolecular rearrange
ments as shown in reactions 582 1 7 and 59.2 1 8 Additional-

<^7 
(OC)2Fe 3 + CO 

<^7 
(OC)2Fe 

(58) 

(59) 

Iy, it is known that the coordinatively unsaturated metal is 
susceptible to oxidative addition reaction 60.8 1 

<m? 

OC / 
Fe, 

"SiCI, c l3SiH 
OC 

. F e ^ 
"SiCI, 

(60) 

CO 

2. Photoreactions of Polynuclear Iron, Ruthenium, 
and Osmium Carbonyls 

Excited-state reactions of polynuclear Fe, Ru, and Os 
carbonyls include both substitution and declusterification. 
Some recent low-temperature work with the Fe2(CO)9 re
veals in this case that loss of CO occurs to yield 
Fe2(CO)8 upon photolysis219 (reaction 61). When the 

Fe2(CO)9 
Ar. 200K 

Fe2(CO)8 + CO (61) 

same reaction was carried out in a nitrogen matrix, evi
dence was obtained for the nitrogen complex 
Fe2(CO)aN2 . On the other hand, numerous mononuclear 
Fe(C0)nl-5-n complexes can be formed via the photolysis 
of Fe2(CO)9 in the presence of an entering group L. It is 
plausible that the mechanism of formation of the mono
nuclear species is first the generation of Fe2(CO)s which 
scavenges L and subsequently decomposes, yielding 
Fe(CO)4L and a second Fe(CO)4 which reacts with L. 
The bridging CO's in Fe2(CO)9 may preclude efficient 
cleavage of the Fe-Fe bond by a —* cr* excitation of the 
metal-metal bond. 

The M 3 (CO) I 2 (M = Fe, Ru, Os) have all received 
some attention, and a variety of confusing observations 
have been made. In Table XXI I I , 2 2 0 " 2 2 4 we present a 

number of examples of photodeclusterification involving 
conversion of the trinuclear carbonyls to dinuclear and 
mononuclear species. However, the reports2 2 5 - 2 2 7 of sim
ple CO substitution upon photolysis of M3(CO) 12 seem to 
preclude the conclusion that the exclusive excited-state 
decay path of M 3 (CO) i 2 is M-M bond cleavage. In view 
of the high reactivity expected for Os(CO)4 and Ru(CO)4, 
further work along these lines would be fruitful. 

Dinuclear [ (Cp)Fe(CO)2 ]2 has been shown to give both 
CO substitution216 and mononuclear species upon photol

ysis. More definitive information regarding the rela
tive efficiency of M-M bond cleavage vs. CO substitution 
is likely to be obtained by study of [(Cp)Os(CO)2J2 where 
there are apparently no bridging CO groups. This system 
can be viewed as an electronic analog of Mn2(CO) 10 and 
Re 2 (CO) i 0 where efficient M-M bond cleavage has been 
established {videsupra). 

3. Photoinitiated Reaction of Ligands 

Reaction of ligands coordinated to Fe, Ru, and Os car
bonyls and, in particular, Fe carbonyls, has been an area 
of active interest, and a number of reactions can be ac
celerated by, or are a unique result of, photolysis. Olefin 
reactions, including cis-trans isomerization, double bond 
migration, and oligomerization have been facilitated by ir
radiation of metal carbonyl species containing Fe, Ru, or 
Os. Additionally, several carbonylation reactions have 
been carried out by similar techniques. Examples of 
these and some mechanistic information are developed 
below. 

Some of the photoassisted reactions of ligands using 
Fe, Ru, and Os carbonyls are set out in Table 
XXIV.2 3 1-2 4 5 Simple olefin isomerization with Fe(CO)5 

has been known for some time and the role of the light in 
these reactions is probably to dissociate CO from the 
central metal to bind the olefin, since subsequent olefin 
rearrangements seem to parallel known thermal reac
tions. Thus, in this sense Fe(CO)5, being the precursor to 
a thermally catalytic species, acts as a photocatalyst. In 
particular, attempts2 4 6 to generate c/s-stilbene from 
frans-stilbene (that is movement away from the thermo
dynamic ratio) have failed, in contrast to the results with 
W(CO)6 and Mo(CO)6 {vide supra). On the other hand, 
cis-trans isomerization of some olefins occurs only upon 
photolysis, and the olefin remains coordinated as in reac-

(OC)4Fe — f | 

COOR 

COOR 

(OC)4Fe 

ROOC 

COOR 

(62) 

tion 62. 2 3 7 In this case a maximum quantum efficiency of 
only 1.0 is possible, Reaction 62 exemplifies another 
point: cis-trans isomerization can occur without the pres-
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TABLE XXIII. Photodeclusterification of M3(CO)1! Complexes 

Starting carbonyl Entering group Product(s) Ref 

Os3(CO)1: 

Ru3(CO)12 

R3Si-H 
R — CH3, C2Hs 

1,5-Cyclooctadiene 

1,3-Cyclooctadiene 

CF2-CF2 

1 I 
C = C 

; ffars 

R3SiOs(CO)4H 
(R3Si)2Os(CO)4 

[R3SiOs(CO)4]2 

(CHu)3SnOs(CO)4H 
(CHs)3GeOs(CO)4H 
(1,3-cycloocta-

diene)Os(CO)3 

(1,5-cycloocta-
diene)Os(CO)3 

(1,3-cycloocta-
diene)Os(CO)3 

Ru2(CO)6(ffars) 

220-222 

223 

224 

As(CHs)2 As(CHs)2 

CF2-CF2 

I J . ssffos 
C = C 

/ \ 
PPh2 PPh2 

CF2-CF2 

CF2 

Ru2(CO)6(ffas) 

Ru(CO)3(ffos) 

Ru2(CO)6(f6fos) 
Ru(CO)3(f6fos) 

C=C 

PPh2 PPh2 

(CH3)3Si-H 
(CH3)3Ge—H 
CI3Ge-H 
(C H3)5Si2-H 

ence of allylic hydrogens ruling out a x-allyl hydride as 
the exclusive mechanism for olefin rearrangements. A a-
bonded olefin as in IX or CT excited states could account 
for this fact. For the hydrogen shift reactions, though, a 
metal hydride seems to be the most likely possibility and 
has been proposed as an intermediate in the thermal 
reactions.247 

The olefin cycloaddition reactions provide some inter
esting examples of the utility of using the metal photo-
assistance technique. For example, the reactions of cy-
clobutadiene when coordinated to iron are carried out by 
the route indicated in reactions 63 and 64. The high effi-

O 
Fe(CO)3 + R O O C C S C C O O R 

© 
Fe(CO)2(ROOC=CCOOR) + CO (63) 

Q 
Fe(CO)2(ROOCC=CCOOR) 

^ ^ - v ~ — _ _ - C O O R 

V ^ COOR 
Fe(CO)2 

o: COOR 

(64) 

COOR 

ciency for CO dissociation from the ("arene")Fe(CO)3 

probably precludes efficient direct release of cyclobuta-

[(CHs)3Si]2Ru(CO)4 220-222 
[(CHs)3Ge)Ru(CO)4I2 

CZs-(CI3Ge)2Ru(CO)4 

[(CHs)3SiRu(CO)3-
M-Si(CH3)2J2 

diene and is, hence, held ready for reaction with the en
tering group. Coordinated trimethylenemethyl can also be 
held in a similar way to undergo reaction with entering 
olefins. The role of the light is again to make available a 
coordination site for the entering olefin. 

Though not encountered in the photochemistry of 
M(CO)6 (M = Cr, Mo, W) and their olefin derivatives, 
many olefin reactions photoassisted by Fe(CO)5 include 
carbonylation or decarbonylation of the ligand. One re
cent example (reaction 65)2 4 8 is a simple example of de-

/IV 
+ CO (65) 

Fe(CO)3 

carbonylation, but the starting material provides another 
case where a reactive species is stabilized upon coordi
nation. Incidently, in reaction 65 and in other situations 
where four- or six-electron donor olefins phenomenologi-
cally undergo photoinduced decomplexation, it is unlikely 
that such a process is an important primary excited-state 
decay path. Rather, it seems that CO dissociation occurs 
yielding a coordinatively unsaturated intermediate which 
can result in formal, if not literal, oxidation of the iron. 
Subsequent rapid thermal decomposition of the iron car-
bonyl-olefin complex gives uncomplexed olefin in the 
medium. Some other reactions which involve incorpora
tion of CO into the final product are given in Table XXIV. 
The intermediate XIX249 has been isolated from the reac
tion of Fe(CO)5 and PhC=CPh and may be a precursor 
to (tetraphenylcyclopentadienone) Fe(CO)3. Inser-



Photochemistry of Metal Carbonyls Chemical Reviews, 1974, Vol. 74, No. 4 425 

TABLE XXIV. Ligand Localized Reactions Initiated by Photolysis of Iron, Ruthenium, and Osmium Carbonyls 

Initial metal 
carbonyl 

I n i t i a l 
l i g a n d P r o d u c t ( s ) Ref 

Fe(CO)5 

COOR 

Fe(CO)5 

H,C-
CH2 

I CH2 

Fe(CO)3 

Fe(CO)3 

Fe(CO)2(NO)2 

A. Olefin Isomerizations 

D' D 

1 -Alkenes 

H2C=CHCH2OC6H5 

H2C=CHCH2OC2H5 

Fe(CO)3 

Internal alkenes 

CH3CH=CHOC6H5 

CH3CH=CHOC2H5 

COOR 

O — C — P h 

1,5-Cyclooctadiene (1,3-cyclooctadiene)Os(CO)3 

B. Olefin Cyclo Addition Reactions 

PhCssCPh 

CH3C = CCH3 

CFoCF, 

O 
O 
ROOCCS=CCOOR 

o> 
COOR 

COOR 

231. cf. 
also 232 

233-235 

236 

237 

223 

239 

240 

241 

242 

243 

211,244 

245 

tjon25o,25i a n c j el imination252 of CO has been induced in 
alkyl and acyl iron carbonyl complexes, respectively, ac
cording to reactions 66 and 67. Reaction 67 probably 

(OC)3Fe 

proceeds via an initial photodissociation of a coordinated 
CO followed by an intramolecular rearrangement to yield 
the alkyl complex. 

The hydrogenation of olefin iron tetracarbonyls and tri-
carbonyls has been achieved by the photolysis in the 
presence of acetic acid.1 9 4 Olefins hydrogenated by this 
route include 1,3-dienes and alkenoates. Hydrogenation 
is thought to proceed via the scheme in reactions 68 -71 . 
This addition reaction cannot be catalytic since the iron 
carbonyl species is destroyed. The reaction efficiency 
was demonstrated to be wavelength dependent, probably 
reflecting the relative efficiencies of CO dissociation (eq 
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(Cp)Fe(CO)(PPh3) £+ (Cp)Fe1(CO)(PPh3) (66) 
I I 
R C = O 

R 

(Cp)Fe(CO)2 -^* (Cp)Fe(CO)2 + CO (67) 

I I 
C = O R 

R 
68) upon LF or M—^olefin CT excitation, the former yield
ing a relatively large degree of olefin substitution. 

O 
RCk ^O 

RO' 

Fe(CO)4 

# CH3COOH 

-Fe(CO)3 + CO (68) 

Fe(CO)3 

H OCCH, 

Fe(CO)3 
(69) 

H OCCH3 

Fe(CO)3 RO 

O 

OCCH3 
/ 

Fe(CO)3 (70) 

CH, 

RO 

OCCH3 
/ 

Fe(CO)3 
CH3COOH 

CH, 

R O - C - C 2 H 5 + Fe(CH3COO)2 3CO (71) 

Fixation of molecular H2 by Fe, Ru, and Os carbonyl 
complexes has been achieved by several workers and 
photo-assisted hydrogenation of olefins has been carried 
out under mild conditions. Iron pentacarbonyl itself has 
recently been shown to photoassist the hydrogenation of 
alkenes, 1,3-dienes, and alkynes at 20° and less than 10 
psi of H2.253 The complexes M(CO)2(PPh3)2H2 (M = Fe, 
Ru, Os) have been prepared by 365-nm irradiation of the 
corresponding M(CO)3(PPh3)2 complexes in the pres
ence of H2.254 The dihydrido complex XX generated by 
photolysis of XXI can affect hydrogenation of methyl ac-

H Fe(CO)3 H 

(OC)3Fe-I-Fe(CO)3 

N 

Si(CH3J3 

XX 

0CV Fe(CO)3 

V1X 
(OC)3Fe-^-Fe(CO)3 

N 
I 
Si(CH3)3 

XXI 

rylate.255 In all of these situations the primary photopro-
cess probably involves dissociation of CO to generate 
coordinative unsaturation. 

Vl. Cobalt, Rhodium, and Iridium Carbonyl 

A. Geometrical and Electronic Structures 
Cobalt carbonyl containing only Co and CO is found as 

Co2(CO)8 having the structure in XXII by X-ray stud-
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TABLE XXV. Photosubstitution Reactions of Cobalt Carbonyls 

Starting 
carbonyl 

Co(CO)3(NO) 

RCo(CO)4 

(Cp)Co(CO)2 

Co2(CO)8 

Entering group, L 

PPh3 

PF3 

*C0 
PF3 

Cyclooctatraene 
1,3-Butadiene 

Product(s) 

Co(CO)2(NO)L 
Co(CO)3_„(NO)-

(L)n (n = 1,2, 3) 
Co(*CO)3(NO) 
RCo(CO)4_„(L)„ 

(n = 1, 2, 3, 4) 
(Cp)CoL 
[Co(CO)2L]2 

Ref 

260 
261 

74 
262 

263 
264 

ies,256 but in solution exists in equilibrium with XXIII.267 

The central metal is zerovalent and is formally d9 but dia-

O 

(OC)3Co-Co(CO)3 

C 

O 
XXII 

(CO)4Co-Co(CO)4 

XXIII 

magnetic because of the Co-Co bond. A detailed elec
tronic structure has not appeared, but one may expect 
both LF electronic transitions associated with a metal 
center having ~D3>, symmetry and a M-M"transition. In
terestingly the paramagnetic monomer Co(CO)4 has 
been formed upon sublimation of Co2(CO)8 to a probe at 
-196°.2 5 8 The situation as to whether the Rh2(CO)8 and 
Ir2(CO)8 exist is apparently uncertain. The M4(COd2 (M 
= Co, Rh, Ir) and other polynuclear species have been 
characterized structurally but have received little or no 
attention from photochemists. 

The (TT-C5H5)M(CO)2 (M = Co, Rh, Ir) involve com
plexes of the d8 configuration with the metal in a formal 
+ 1 oxidation state. The colors of the complexes are red, 
orange, and yellow for the Co, Rh, and Ir, respectively, 
consistent with the expected increase of LF splittings 
going down the group. 

Finally, of interest here is the four-coordinate Co-
(CO)3NO complex which may be viewed as isoelectronic 
with Ni(CO)4 having a d10 configuration. Electron diffrac
tion studies259 indicate a tetrahedral arrangement of the 
four ligands surrounding the central metal. 

B. Photochemistry of Cobalt, Rhodium, and 
Iridium Carbonyls 

The photochemistry of these metal complexes has not 
been developed to a great extent, but some familiar pat
terns are emerging. First, simple photosubstitution of CO 
is an important photoreaction and, at least for CO2(CO)8, 
some photoinduced M-M bond cleavage has been re
ported. 

Examples of photosubstitution reactions of cobalt car
bonyls are presented in Table XXV.74'260-264 The entering 
groups in each case are all good 7r-acceptor ligands and 
with PF3 all of the CO's can be replaced in either Co-
(CO)3NO261 or RCo(CO)4.

262 The examples in Table XXV 
include systems of d8, d9, and d10 configuration. Though 
studies with the second and third row systems are not 
common, there are some results which suggest that simi
lar photoprocesses obtain. The (Cp)Rh(CO)2 complex 
apparently undergoes loss of CO upon photolysis giving 
reactions 72265a and 73.265b The oxidative addition to the 
coordinatively unsaturated intermediate should generally 
yield a fairly stable complex since the low-spin d6 config
uration will be achieved. An interesting example of this is 
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(Cp)Rh(CO)2 -^* (Cp)2Rh2(CO)3 + CO (72) 

(Cp)Rh(CO)2 
R3Si-H 

CO (73) 

Rh 
O C ^ I xSiR3 

H 

indicated in reaction 74 where the Co(I) changes to the 
substitution inert Co(II I) state.266 

S- *«D 
Co(CO)2 

Q / + 2CO + CO2 (74) 

Co 

The cleavage of the M-M bond in Co2(CO)s is exem
plified by reaction 75,2 6 7 but at this point it is not clear 
what the primary photoprocess involves. 

Co2(CO)8 (75) 

Co(CO)3 

We note, finally, with respect to the Co, Rh, and Ir 
group that the intramolecular isomerizations 76 occur ap
parently without decomposit ion.268 This is curious be
cause one would expect fairly efficient ligand substitution 
especially for CO which would be most affected by 7r-d 
—* <r*-d excitation being a good x-acceptor ligand. 

(76) 

Cl 
L I ^ C O 

cr I ^L 
Cl 

Cl 

L > ! < c o 

L^^| Cl 
Cl 

L = PEt2Ph, AsEt3, AsEt2Ph 

VII. Photochemistry of Nickel Carbonyls 
Nickel carbonyl, Ni(CO)4 , has a d 1 0 electronic configu

ration and is of tetrahedral geometry.269 The absorption 
spectrum3 0 is banded exhibiting shoulders at 42,270 and 
44,500 c m - 1 and a maximum at 48,550 c m " 1 (e « 1 0 5 ) . 
These transitions are associated with excitations of elec
trons in the t2 and e levels of the metal to ligand local
ized orbitals.30 

Photolysis of Ni(CO)4 in the gas phase,270 solution,271 

or the solid state272 results in CO dissociation (reaction 
77). The quantum yield of formation of CO is somewhat 

Ni(CO)4 Ni(CO)3 + CO (77) 

dependent on the excitation wavelength in n-hexane in
creasing from 0.22 at 366 nm to 0.50 near 240 nm. At 
150K the Ni(CO)3 intermediate has C31; symmetry from ir 
measurements.272 

Elucidation of the photoprocesses in substituted nickel 
carbonyls has not been reported. However, photoassisted 
reaction of olefins have been carried out using deriva
tives of Ni(CO)4 .2 7 3 

VIII. Summary 
Many of the qualitative aspects of metal carbonyl pho

tochemistry are known, and in particular a rather dramat
ic increase in lability in the M-CO bond seems virtually 
universal upon photoexcitation. Photolysis of the substi
tuted derivatives of the binary compounds often results in 
alternate deactivation pathways at least as some fraction 
of the chemical action. Despite the collosal number of 
known metal carbonyls and their derivatives (many syn
thesized with light), there is a rather disappointing 
amount of sophistication regarding structure-reactivity 
relationships. 

The reviewer feels that several areas merit focused at
tention. First, information concerning the nature of the 
electronic states available at optical energies should be 
pursued. Identification of the reactive excited states and 
their conversion pathways to other electronic states is of 
interest. Developing geometrical and electronic struc
ture-reactivity relationships is of importance. And, finally, 
as chemists, our knowledge concerning primary pro
cesses in metal carbonyls should be directed toward gen
eration of catalytically active species and synthetically 
useful molecules. 
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