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The photosubstitution reactions of M(Cfphen) (M= Cr, Mo, W; phen= 1,10-phenanthroline) with BRR =

Me, BU, Ph) to form M(CO)(PRs)(phen) were studied as a function of excitation wavelength, entering nucleophile
concentration, and pressure. Ligand field photolysis in general results in a dissociative substitution mechanism,
whereas charge-transfer photolysis can, depending on the nature of M grpté&ieed according to an associative
mechanism. The chemical and physical variables studied result in a systematic tuning of the photosubstitution
mechanism. Nucleophile concentration, excitation wavelength, and pressure dependencies reveal unique mechanistic
information. The results are discussed in reference to available literature data, and a complete mechanistic analysis
is presented.

Introduction is presently available. It is only during the last few years that
. _ . the mechanistic differences between ligand field and charge-
The series of complexes M(C&phen) (M= Cr, Mo, W; .
phen= 1,10-phenanthroline) provide the unique possibility to gms{gr %r:](l)tor?cirgtft%g ;Eeesgégf;irtnjehagf dké?]%%migéj[)’een
tune the nature of their photosubstitution mechanism for reaction 1tis onty y ' P s hav

i i i13,14 i it
1 through a systematic variation of the central metal, entering studied in detait _We are nowin the posititon to report qlata
on a complete series of systems, including all the variables

mentioned above, and to present a complete mechanistic analysis

hy
M(CO),(phen)+ PR; — fac-M(CO),(PRy)(phen)+ CO for these reactions. It will become clear from our presentation
how the photosubstitution mechanism of these and related
M = Cr, Mo, W; R= Me, BU", Ph Q) complexes can be systematically tuned through the variation

of various chemical and physical paramefér. These results

nucleophile, excitation wavelength, and pressure. This pos- have important consequences for the photochemical behaviour
sibility originates from the exceptional character of the ligand of related complexes and add a new dimension to the under-
field and charge-transfer excited states; viz., the latter occur atstanding of and control over photochemical processes.
a significantly lower energy than the ligand field state%This
in principle allows different substitution mechanisms to operate Experimental Section
from the excited states as a result of the intrinsic character of . .
these states. Thus a systematic tuning of the photosubstitutio Preparative Procedures. Chromium hexacarbonyl, molybdenum

: . : . - nhexacarbonyl, tungsten hexacarbonyl, and 1,10-phenanthroline (phen)
mechanism is possible via a careful varlatlon.of the nature Qf were obtained from Aldrich Chemicals. M(C@hen (M= Cr, Mo,
the metal center and the nature and concentration of the enteringy) complexes were prepared photochemically under an argon atmo-
nucleophile PR In addition, the population of these excited sphere according to published procedures and recrystallized from
states will strongly depend on the excitation wavelength, which isooctane-dichloromethané&’-2 The elemental analyses of the com-
adds another variable to the tuning concept. Finally, since ligand plexes were performed by Beller Analytical Laboratory”{tBmen,
substitution reactions in general exhibit very characteristic FRG), and the results are in good agreement with the theoretically
pressure dependences that are governed by bond formation and
bond breakage processes, different photosubstitution mecha- (673) \é\{iefllfmd, SD.; \J/?:n Elctjiik(,:rll?(ioogt;ﬂ-3 (fggm.l?f 31390 97, 155.
nisms will exhibit different pressure dependences. Thus a Esg Li#ds‘;’;?’E.;'vr@‘l’(‘”rA:’ Jr.?Téngford, % Hirorg. Chem 1093 32,
further (physical) variable can be added to the systematic tuning 2269,
of photosubstitution mechanisms. (9) Manuta, D. M.; Lees, A. Jnorg. Chem 1983 22, 572.
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1802.
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2.0 620, and 640 nm, respectively. The position of the lowest
I energy absorption for M(CQ)PRs)(phen) depends on the nature

16 N of PRs. As the steric effect of R changes, the lowest energy

8 features for PMgand PPg shift to 665, 616, 634 nm and 630,
§ L2 i 578, 600 nm, respectively. A comparison of these MLCT bands
g osk B indicates that the donor ability of the attacking nucleophile is
2 o arranged in the order PBy> PMe; > PPh,2°-31 whereas, for

04; ‘ ; \ . any particular ligand, the energy of the MLCT absorption
N follows the order Mo> W > Cr. These observations are in
0955 good agreement with those reported befete.
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The photochemical conversion of M(Cf)hen) to M(CO}-
Wavelength nm (PRs)(phen) is accompanied by characteristic spectral changes
Figure 1. Spectral changes during 436 nm photolysis of 2.60~4 that demonstrate a clear progression to those of M{EB)I;)-
M Mo(CO)s(phen) and 1.1 M PBWin toluene solution at 298 K, where  (phen) (see typical example for M Mo in Figure 1 and for M
- - - represents the spectrum of Mo(G(BU';)(phen) after complete = cr and W in Supporting Information Figures S1 and S2).

conversion. The observed spectral changes are independent of the selected

expected values. Tributylphosphine (Aldrich) was distilled twice under exper!mental conditions, viz. nucleophile qon_centranon, Ir-
an argon atmosphere under reduced pressure. Toluene (Aldrichfadiation wavelength, and pressure, and indicate that
spectroscopic grade) used in the photolysis was distilled over Na under M(CO)s(PRs)(phen) is formed under all conditiong.212-14
an argon atmosphere and saturated with high purity argon prior to use. On longer irradiation of Mo(CQfphen) at 366 nm, the

Equipment and Procedure. UV—vis absorption spectra during  isosbestic points change from 385 and 530 nm to 490 and 658
irradiation were recorded on a Shimadzu UV-250 spectrophotometer. nm, which illustrates the formation and subsequent disappear-
Test solutions were transferred under an argon atmosphere into a pillboxance of the initially produced Mo(CG(PBU:)(phen) to form
quartz cell (containing a Teflon-coated magnetic bar) by using a \jo(CO)(PBU'),(phen)®® In comparing the absorption posi-
combination of Schlenk and double-tip-needle techniques and ations of the complexes, we find that the lowest energy band
specially designed filling systefft** The pillbox was then placed inside — guq¢ 1 [onger wavelen,gth when a second carbonyl! ligand is
a two-window high-pressure cell which was filled with additional . )

qdisplaced by a stronger donor ligand PBuHowever, the rate

solvent as the pressure-transmitting medium, equipped with a calibrate S . .
photodiode mounted on the rear window and placed on top of a Of the photosubstitution reaction 2 is much smaller than that of

magnetic stirre?* A model 101 C transimpedance amplifier connected

to the photodiode and a model 561 recorder were used to monitor the LS
intensity variation of the light flux reaching the test solution. The M(CO)5(PRs)(phen)+ PRy M(CO),(PRs),(phen)+ CO

temperature of the solution in the cell was controlledtid.1 °C by 2
circulating thermostated water. Samples were irradiated at four different
pressures between 0.1 and 150 MPa by monochromatic light that was

selected from a high-pressure mercury lamp (Osram HBO 100/2) using . . - . .
Oriel interference filters. The light intensities entering the photolysis accomplished after extended irradiation, and the clean isosbestic

cell were kept in the range 18107 einstein s and determined by points dem_onstrate thgt the subsequent s_ub_stitution reaction 2
ferrioxalate (313, 366, 403, and 436 A7 or actinochrome N475/ IS uncomplicated by side or further substitution processes. It
610 (AMKO) (486, 546 nm) actinometdf2¢ The concentration of  follows that reaction 1 is a well-behaved photosubstitution
reactant M(CO)phen) before and after irradiation was measured process and the selected systems are appropriate for the detailed
spectrophotometrically by following the UWis spectra as a function  studies undertaken here.
of irradiation time. The extent of product formation was limited to a Nucleophile Concentration Dependence.The quantum
photoconversion of less than 12%. Quantum yields that were correctedyie|d for reaction 1 in toluene was measured in this study for R
for inner filter effects were obtained for the disappearance of the reactant_ Bu" as a function of excitation wavelength and concentration
and appearance of the product. of the entering nucleophile PBy The results are reported in
Results and Discussion Figures 2 and 3 (and Supporting Information Figure S3) for M
) ) ) = Cr, Mo, and W, respectively. It can be seen from Figure 2

Electronic Absorption Spectra. When toluene solutions of - hat the quantum efficiency exhibits within the experimental
M(CO)a(phen) (M= Cr, Mo, W) complexes are irradiated at  gyror Jimits no dependence on [gRit the different irradiation
different wavelengths in the presence of excess'g Buwe UV— wavelengths for [PBl] = 0.005 M. The quantum yield
vis spectral changes that accompany the photosubstitution ofyecreases sharply in going from LF to MLCT excitation, clearly
CO by PBU; according to reaction 1 are shown in Figure 1 reflected by the decrease in the limiting values reached in the
and Supporting Information Figures S1 and S2. The MLCT piots in Figure 2. These dependences for the larger metal
band around 590 nm shifts to lower energy in accordance with canters (Mo and W) in Figures 3 and S3 demonstrate a strong
the photosubstitution of an electron-withdrawing CO group by gecrease in the intercept but almost no change in the slope of
the nucleophilic PBY% ligand. The changes i for the Cr, the plots on increasing the excitation wavelength from 366 to
Mo, and W complexes are from 524, 495, and 514 nm to 670, 546 nm.

In general ligand field excitation leads to populationodf

(2); the conversion according to reaction 3 can only be

(22) le Noble, W. J.; Schlott, RRev. Sci. Instrum 1976 47, 770.

(23) Wieland, S.; van Eldik, RRev. Sci. Instrum 1989 60, 955. antibonding orbitals, i.e. a nonbonded state, which in the
(24) Fleischmann, F. K.; Conze, E. G.; Kelm, H.; Stranks, DRR.. Sci.

Instrum 1974 45, 1427. (29) Bursten, B. E.; Darensbourg, D. J.; Kellogg, G. E.; Lichtenberger, D.
(25) Lee, J.; Seliger, H. Hl. Chem. Phys1964 40, 519. L. Inorg. Chem 1984 23, 4361.
(26) Bowman, W. D.; Demas, J. N. Phys. Chem1976 80, 2434. (30) Alyea, E. C.; Lenkinski, R. E.; Somogyvari, Rolyhedron1982 1,
(27) Brauer, H. D.; Schmidt, R.; Gauglitz, G.; Hubig, Bhotochem. 130.

Photobiol 1983 37, 595. (31) Diaz, C.; Yutronic, N.Polyhedron1989 8, 1099.
(28) Schmidt, S.; Drews, W.; Brauer, H. D. Am Chem. Sod.98Q 102, (32) Chun, S.; Getty, E. E.; Lees, A.lhorg. Chem 1984 23, 2155.

2791. (33) Houk, L. W.; Dobson, G. Rinorg. Chem 1966 5, 2119.
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Figure 2. Relationship between the quantum yield and the ligand
concentration for the photosubstitution reaction 1€MCr; R = Bu")
in toluene at 298 K.
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Figure 3. Relationship between the quantum yield and the ligand
concentration for the photosubstitution reaction 1€MMo; R = Bu")
in toluene at 298 K.

reactions studied leads to-MCO bond cleavage. The reaction

Fu and van Eldik

k.r represents the efficiency of the bond cleavage process. It
follows from (4) that under conditions where competition
between CO and L for scavenging the M(G@hen) intermedi-

ate existsg ¢ will increase with increasing [L] and reach a
saturation under conditions whelkgL] >> kco[COJ; i.e., ¢r

= ke and independent of [L]. This behavior is clearly seen
for the irradiation of Cr(CQ)phen) in Figure 2. The other
complexes (M= Mo, W) only exhibit a clear intercept (Figures

3 and S3) at low [L] during LF excitation, which corresponds
to the situationp r = K.

In general MLCT excitation leads to a bound excited state
in which electron density from the metal is placed on ttfe
antibonding orbital of the diimine ligand. This process results
in an electron deficiency on the metal center and promotes an
associative (A) attack by the entering nucleophile. The latter
must result in an increase in quantum yield with increasing
[L]. 8143637 This reaction sequence is outlined in (5), and the

M(CO)«(phen)

vier= IM(CO)(phen)y cr
+L{k,

Kok

M(CO);(L)(phen) + CO (5

corresponding expression for the quantum yigld.€1), again

under exclusion of possible intersystem crossing (within the
MLCT states and between the MLCT and LF states), is given
in (6). The [L] dependences observed in Figures 3 and S3

k0 ki
¢MLCT - kA[L] + kn + kr ~ kn + kr - kMLCT[L] (6)

demonstrate a linear increasegirwith increasing [L], and the
absence of a saturation ¢fat high [L] justifies the approxima-
tion shown in (6).

On variation of the excitation wavelength from 366 to 546
nm, a gradual changeover in the population of the LF and MLCT

sequence outlined in (3) indicates that the excited LF state canstates occurs. This accounts for the significant decrease in the

Keo

M(CO)(phen) —g—= [M(CO).(phen)] — ko

M(CO)y(phen) + CO

+le|

M(CO)s(L)(phen)

koo k

3)

return to the ground state via radiativie) (and nonradiative
(knr) deactivation or undergo MCO cleavagekp) following a
dissociative (D) mechanism. The five-coordinate M(g@en)
complex produced can either recombine with Ggyf or react
indirectly (via the coordination of a solvent molecule) or directly
(ko) with the entering nucleophile (L) to produce the photo-
chemical product M(CQJL)(phen)3435 For the sequence
outlined in (3), a simplified expression for the quantum yield
(¢LF) is given in (4), in which intersystem crossing between

ko K [L]
Ko + ko ki/\k [L] + kedCOJ
Kieki[L]
K [L] + keo[CO]

different LF excited states (usually from a singlet to a lower

b=

~ ke (4)

intercept of the plots in Figures 3 and S3, on increasing the
irradiation wavelength, since the lower energy does not allow
population of the higher lying LF states under such conditions.
Population of the MLCT state will cause an increase with
increasing [L] (see Figures 3 and S3), such that the combined
effect of LF and MLCT excitation can be expressed as shown
in eq 7. In this equatiork r and ku.ct are wavelength-

b0t = S T St = Kie T KyerlL] (7)

dependent quantities and represent the contribution from the
intercept and the slope of the plots in Figures 2, 3, and S3,
respectively. In the case of M Mo and W (Figures 3 and
S3), LF irradiation at 366 nm also exhibits a significant [L]
dependence af. This can be ascribed to a partial delocalization
of the electron density from the* (LF excitation) to the lower
lying 7* orbital (MLCT excitation), such that a significant
contribution from a parallel associative reaction path is observed
(see further Discussion).

As pointed out by a reviewer, a crucial aspect not addressed
by the reaction schemes presented in (3) and (5) above concerns
the time scale of the processes and the possible participation of
solvento intermediates. It is well-known from earlier studifes
that, during LF and MLCT irradiation of Cr(CQppy), bpy=

lying triplet state) is not taken into account. In this expression 2,2-bipyridine, in CHCI, as solventfac-Cr(CO)(CH.Cl,)(bpy)

(34) Geoffray, G. L.; Wrighton, M. SOrganometallic photochemistry
Academic: New York, 1979.

(35) Schneider, K. J.; van Eldik, Rirganometallics199Q 9, 92;199Q 9,
1235.

(36) van Dijk, H. K.; Servaas, P. C.; Stufkens, D. J.; Oskam|n&rg.
Chim. Actal985 104, 179.

(37) Strouse, G. F.; Schoonover, J. R.; Duesing, R.; Boyde, S.; Jones, W.
E., Jr.; Meyer, T. Jinorg. Chem 1995 34, 473.
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Figure 4. Quantum yield as a function of irradiation wavelength for
the reaction 1 (M= Mo; R = Me) at a fixed PMe concentration in
toluene at 298 K:giot (®), ¢a (O) ¢p (@), [PMes] = 0.0506 M; rot
(<€), [PMe;] = 0.0051 M.
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Table 1. Values ofku.ct/kir for Associative and Dissociative
Contributions to Total Quantum Yield as a Function of Excitation
Wavelength for the Photosubstitution Reaction at 298 K

M(CO),(phen)+ PR, ~ M(CO),(PRy)(phen)+ CO

M PRs 366 nm 436 nm 486 nm 546 nm

Cr PMe 0.0034 0.18 0.17 0.76
PBuU; 0.016 0.64 1.64 1.16

Mo PMe; 7.5 93 312 370
PBuU; 1.3 46 48 278

W PMe; 11.7 154 101
PBU; 1.25 49 156 263

reaction path as characterized by a dependengeoof [PPh]
could be found?* The results for PMgand PBU; are very
similar in the case of M= W, whereas the ratibyy cr/k r is
significantly larger for PMgthan for PBU; in the case of M=
Mo. Thus the associative contribution for PBdiollows the

is formed on a ps/sub-ps time scale. This solvento intermediatesequence Me- W > Cr, compared to Ma- W > Cr for PMe.

reacts rapidly with PPh(1 x 10 M~1 s71)2 to producefac-
Cr(CO)(PPh)(bpy). Although the effective participation of
such solvento intermediates will strongly depend on the donor
property of the selected solvent, it remains realistic to consider
the participation of M(CQy)Tol)(phen) species in the present
study. The formation of M(CQJPRs)(phen) can compete with
the formation of M(COy(Tol)(phen) on a ps/sub-ps time scale
when PR is present as an encounter partner prior to excitation.
Alternatively, PR can in a subsequent non-photochemical
reaction rapidly displace the weakly coordinated solvent mol-
ecule. Both these routes will lead to a dependence of the
guantum yield on the concentration of RPRsimilar to that

Pressure Dependence Earlier work from our laboratories
for reaction 1 with PMgand PPk has demonstrated that the
effect of pressure on the observed quantum yield can be of
significant diagnostic valu&!4 This is based on the funda-
mental principle that bond formation can be accelerated and
bond breakage can be decelerated by pressure. Khys is
expected to increase arkir is expected to decrease with
increasing pressure. Such effects can help us to understand
further the nature of the photosubstitution mechanism of LF
and MLCT excited-state species.

In general the deactivation of excited states may follow
different pathways as indicated ky, k;, ko, andka in reactions

expressed in eq 6 for the reaction scheme in (5) involving direct 3 and 5, and these rate constants can, in principle, all be affected
attack of PR on the MLCT state. However, the exclusive by pressuré?“ll The chemical and physica| processes of
formation of solvento intermediates following the excitation interest that take place in electronically excited states occur on
process cannot account for the totally different concentration 3 time scale that allows application of the transition state theory.
dependences (and pressure dependences; see further Discussiofjys the pressure dependence of the different deactivation
of the quantum yield observed for different excitation wave- processes can be ascribed in terms of volumes of activation that
lengths. Solvent displacement itself is a subsequent thermalrepresent the volume changes associated with the transition state
process independent of the nature of the excited state from whichof the deactivation (physical and chemical) pathvy.
the solvento complex originates. Thus the observed concentra- The pressure dependence ¢f for photosubstitution of
tion (and pressure) dependences must arise from a competitionvi(CO),(phen) by PBG; was studied as a function of excitation
between solvent and Bfn the excited state of the M(C®)  wavelength, and the results are summarized in Table 2=(M
(phen) species. The LF and MLCT excited states can discrimi- w), Supporting Information Figure S4, and Figure 5 @/Cr
nate between the solvent and fRiwolecules as entering  and Mo, respectively). The results in Figure S4 clearly show
nucleophiles following a dissociative or associative substitution that under all conditiong decreases with increasing pressure.
mechanism, respectively. M(C&Jol)(phen) species produced  However, in the case of M= W and Mo, the data clearly show
in such a way will undergo rapid thermal substitution to produce gz decrease ig with increasing pressure during LF excitation
M(CO)s(PRs)(phen) as discussed above. but an increase ip with increasing pressure during MLCT
The nature of eq 7 is such that experiments performed at aexcitation. The trends can be converted into an apparent volume
fixed value of [L] as a function of irradiation wavelength can  of activation, defined in (8), and the results are summarized in
be misleading due to the composite natureéef This canbe  Taples 2 and 3, where the latter also include results available

clearly seen from the typical examples presented in Figure 4, for photosubstitution by PMeand PPk
where the contribution app (=¢.F) decreases and the contribu-

tion of ¢a (=dmLcT) increases with increasing irradiation 91N AV.F
wavelength, respectively. A summary of the rakig cr/kir ( 8P¢) = R_i’f (8)
T

for the photosubstitution of M(CQ(phen) by PMegand PBUs

as a function of irradiation wavelength is given in Table 1. There
is a steady increase in the ratlgsct/kir On increasing
irradiation wavelength, clearly demonstrating the more important

The results in Table 2 (M= W) demonstrate thatV,*,
obtained from the slope of I versus pressure, changes from

role of the associative reaction route on population of the MLCT

state. In the case of the chromium complex the associative

contribution remains relatively small (as compared to Mo and
W), but the strongeo-donor ligand PBU does exhibit a more
definite contribution than PMeand PPR In the case of the
bulky PPRh nucleophile, little evidence for an associative

(38) Endicott, J. F.; Ramasami, T.; Tamilarasan, R.; Lessard, R. B.; Ryu,
C. K. Coord. Chem. Re 1987, 77, 1.

(39) Dibenedetto, J.; Ford, P. Coord. Chem. Re 1985 64, 361.

(40) Kirk, A. D.; Porter, G. BJ. Phys. Cheml198Q 84, 2998.

(41) Lang, J. M.; Dreger, Z. A.; Drickamer, H. Q. Phys. Chem199Q
94, 5865.

(42) Endicott, J. F.; Ryu, C. KComments Inorg. Chemi987, 6, 91.
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Table 2. Quantum Yield &10% as a Function of Pressure and Excitation Wavelength for the Photochemical Reaction in Toluene at 298K

W(CO),(phen)+ PBU', ~ W(CO),(PBU';)(phen)+ CO

P, MPa
Airry NM 10[M], M [L], M 0.1 50 100 150 AV,F, cm? molt
313 2.25 0.0506 26.61.2 19.87+ 0.05 16.5+ 0.5 13.9+0.4 +10.5+£ 1.0
366 2.09 0.0506 13.2 0.6 11.9+0.8 9.7£ 0.6 8.6+ 0.4 +8.2+ 0.6
403 2.13 0.0506 3.12 0.09 3.16£ 0.05 3.3£0.1 3.3+ 0.2 —0.6+0.4
436 2.13 0.0506 1.42 0.08 1.79+ 0.07 2.3+ 0.1 2.59+ 0.08 —10.24+ 1.0
486 2.10 0.154 3.45 0.07 5.16+ 0.01 6.26+ 0.07 7.640.2 —12.7+1.8
546 2.10 0.154 3.720.08 4.63+0.08 6.5+ 0.1 7.4+£0.2 -12.0+£1.4
-2 F = 3.2 cn? mol~2, at 313 nm) in which bond breakage is partially
cancelled by bond formation. In contrast to W(G@®@phen), the
-3 N~ Ae=313m markedly ngga}tivavd,* value for Mo(CQ)(phen) gugggst§ that
[ al photosubstitution follows an, Imechanism upon irradiation at
o4l 366 nm AV,F = —4.7 cn? mol™Y), which could result from
5 Ae=486am N =5460m the blue shift of 19 nm for the MLCT maximum absorption
//mn;’//' bands compared with those of W(C{hen). In general, a
-5 : * shift in the MLCT band can cause a more efficient crossing
M from the LF to the MLCT states and so affect the overall value
-6 of AV,*. Steric effects of the entering ligands on the reaction
! L ) of the Cr complex on LF excitation at 366 nm seem not to be

0 40 80

Pressure [MPa]

Figure 5. Pressure dependence of the quantum vyield for the photo-
substitution reaction 1 (M= Mo; R = Bu") as a function of irradiation

wavelength in toluene at 298 Kii, = 313, 366, 403 and 436 nm,
[PBuUs] = 0.0506 M;Air = 486 and 546 nm, [PBy] = 0.1204 M.

120

+10 to—12 cn® mol~* on increasing the irradiation wavelength
from 313 to 546 nm. Very similar results are reported for M
= Mo in Table 3 (data taken from Figure 5). These results

important since the magnitude of the activation volume indicates
that photosubstitution of CO in Cr(Cglphen) proceeds via a
dissociative (D) mode due to the smaller size of the Cr metal
center. Even if a much strongerdonor (PBUs) and smaller
nucleophile (PMg are used, it is not possible to cause a
changeover to a more associative mechanism as found for the
larger metal centers Mo and W. Th&V,* values for the
Cr(CO)phen reactions with PMeshow only a small change
from dissociative (D) to dissociative interchangg) (h going

from LF to MLCT excitation. In the case of the larger Mo and

show a clear changeover in the photosubstitution mechanismW metal centers, associative processes were found for ligands

from dissociative (LF) to associative (MLCT) on increasing the
irradiation wavelength. In the case of 8 Cr (Table 3, data
from Figure S4) the value oAV,* remains almost constant
within the experimental error limits and no changeover in the
nature of the photosubstitution mechanism can be observed.
Table 3 allows us to see the influence of R (MeBeh) on

the value ofAV,* and the associated photosubstitution mech-
anism. In the case of M= Cr, a decrease in steric hindrance
on PR causes a trend inV,* going to smaller positive values
on increasing the excitation wavelength. This has been

that are known to be good electron-pair donors, with the
decreasing size of the nucleophile resulting in significant effects
on the mechanism of ligand substitution when the excitation
was gradually changed from LF to MLCT. Ligand substitution
reactions between Mo(Cgphen) and PBY% were examined
with irradiation at 403, 436, 486, and 546 nm, and fé;*
values of 1.1-7.9,—16.4, and—-14.1 cn?¥ mol~1, respectively,
are in accord with a trend toward increasing associative
character.

In addition, we notice from the data that the smallest

interpreted in terms of a possible changeover from dissociative Nucleophile PMe makes the substitution of CO in M(C®)

(D) to interchange dissociativeg)lon going from LF to MLCT
excitation for the smallest entering nucleopHte However,
such a trend is not observed in the case ef BU", investigated
in the present study. In the case off¥Mo and W, the overall
trend in AV,* from more positive to more negative values on

(phen) (M= Mo, W) more associative in comparison to PBu

on excitation at 403 nm as demonstrated by the more negative
AVg¥value. Pure associative behavior is observed for excitation
into the MLCT band at 436 nm. The significantly negative
AV, value of —12.3 cn¥ mol ! found for substitution of CO

increasing the excitation wavelength does depend on the naturd" Mo(CO)(phen) by PMg during excitation at a wavelength
of R. The changeover from positive to negative values occurs @ low as 403 nm demonstrates that the associative reaction

sooner for R= Me as compared to R Bu" and does not occur
at all for R= Ph. Thus the size of the entering nucleophile

mode can even be favored under such conditions.
Mechanistic Interpretation. The mechanistic trends pre-

clearly controls the associative character of the photosubstitutionS€nted above are based on the apparent pressure dependence of

mechanism.

The reported results demonstrate the substantial effect of steric . L )
P the quantum vyield as indicated in eqs 4, 6, and 7. The

properties of the ligand on the reaction pathway when for
instance PMgwas chosen as entering group. In this respect it
is interesting to note a large difference in the magnitudes of
AV, for Mo and W complexes on LF excitation. The smaller
positive AV,* values for the reaction of W(C@{phen) with
PMe; suggest that ligand substitution in the LF excited state
proceeds via a dissociative interchangg fhechanism AV,*

the photosubstitution quantum yield, expressed\¥s*, and
require a more careful analysis due to the composite nature of

photophysical aspects of such photosubstitution reactions have
been treated in detail befof&;*6 and an overall summary of
possible excitation and deactivation routes is presented in

(43) Manuta, D. M.; Lees, A, dnorg. Chem 1986 25, 1354.
(44) Vichova J.; Hartl, F.; VIek, A., Jr.J. Am. Chem. S01992 114,
10903.
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Table 3. Volumes of Activation for Photosubstitution of CO in M(Cfphen) Complexes by Ligand L at Different Excitation Wavelengths

AV,F, cm?® mol~t
M L 313 nm 366 nm 403 nm 436 nm 486 nm 546 nm
Cr PMe 6.8+ 1.3 4.7+ 1.0 —0.2+0.8 1.3+ 0.6 1.9+ 0.7
PBUY; 42+0.7 454+ 0.9 2.7+0.7 3.0+ 0.5 4.1+ 0.6
PPh 6.4+ 0.3 5.0+ 0.8 29+ 0.1 2.8+ 0.7 2.7£0.8
Mo PMe; 1444+ 3.1 —4.7+0.6 —12.3+0.1 —13.3+£0.9 —13.3+3.2 —-10.7£ 25
PBU'; 9.6+ 14 7.4+ 1.2 1.1+ 13 —-79+1.2 —16.4+ 1.4 —14.1+ 1.3
PPh 76+1.3 6.7£ 1.5 11.0+ 1.6 3.4+ 1.6
W PMe; 3.2+ 0.6 1.5+ 0.2 —5.8+£0.8 —9.1+16 —10.3+ 2.5 —9.6+1.6
PBU; 10.5+ 1.0 8.2+ 0.6 —-0.6+04 —-10.2+1.0 —12.7+1.8 —12.0+1.4
PPh 10.9+ 0.6 139+ 15 8.1+ 15 —8.2+0.8
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Figure 6. Effect of pressure oo, ¢a, andgp for the photosubstitution

A 4

reaction 1 (M= W; R = Me): Ain = 366 nm; [PMg] = 0.0506 M,;

Reaction coordinate 208 K.

3T = 3LF/MLCT.

Scheme 1. In general, LF excitation results in the activation Along the arguments presented befété it was shown that
of the M—CO bonds and leads to a dissociative ligand sincek, >> ke >> k (ko = ko or Ka[L] in egs 4 and 6,

substitution mechanism. In the case of MLCT excitation, the respectively) and nonradiative deactivation in general is hardly
nature of the excited state will determine the nature of the ligand pressure sensitiv#;051.52the effect of pressure ofty can be
substitution mechanism. Partial delocalization of the electron related to the pressure dependencigéndka, which control
density from ther* (diimine) orbital to theo* (M —Cay) orbital the values ofp.r and¢wicr, respectively. It follows that the
may occur via vibronic mixing? This will in turn result in effect of pressure on the nature of the plotsgef versus [L]
the dissociation of the axial CO ligand and promote a dissocia- can be related to the pressure dependencépoffrom the
tive substitution mechanism. Alternatively, delocalization on intercept) andka (from the slope}* Thus, an increase in the
the phen ligand will cause a decrease in the electron density onconcentration of the entering nucleophile gradually shifts the
the metal center (formally then a 17-electron species) and animportance of the contribution @f, s and¢w.cr, depending on
increase in electrophilicity, which will induce an associative the irradiation wavelength used. The trends reported in Table
nucleophilic substitution mechanism. In this respect it is 3 are very clear and demonstrate how the nature of the
interesting to note that a series of theoretical studies on metalphotosubstitution mechanism can be tuned by selecting various
carbonyl complexes has recently revealed a new aspect of\M, L, and irradiation wavelength. The results in Figure 5
excited state reactivity with regards to the role of the MLCT typically show the mechanistic changeover observed for a
state?®%0 It follows from these studies that it is possible that particular M and L as a function of irradiation wavelength. For
the nonreactive MLCT state crosses the reactive LF state (i..a particular set of selected experimental conditiafs, may
delocalization of electron density front to o*) only at longer exhibit almost no meaningful pressure dependence (see Figure
M—CO distances. MCO bond lengthening can cause the g), although the components and¢p exhibit significant and
crossing of a nonreactive MLCT state with the rapidly descend- opposite pressure dependences. The resulting avexsge
ing LF state and release of CO. Such a situation is likely to value is close to zero over the applied pressure range.
occur upon the formation of a seven-coordinate exciplex inthe  |n terms of the excitation and deactivation pathways included
MLCT excited state. in Scheme 1, it can be stated that intersystem crossing can lead
According to 7 the observed quantum yield will be the sum to the population of théMLCT and 3MLCT states from the
of the contributions resulting from LF and MLCT excitation. h|gher energy LF states, which will result in an associative
component (characterized by an increase with increasing
[L]) during LF excitation. Similarly, MLCT excitation can via

(45) Servaas, P. C.; van Dijk, H. K.; Snoeck, T. L.; Stufkens, D. J.; Oskam,
A. Inorg. Chem 1985 24, 4494.

(46) Rawlins, K. A.; Lees, A. Jnorg. Chem 1989 28, 2154. thermal back-population lead to the population*oF and so
(47) VIgek, A., Jr.; Vchova J.; Hartl, F.Coord. Chem. Re 1994 132, result in a dissociative component (characterized by an inde-
48 I:LD?(Zrlloot K.; Tsokos, E.; Vanquickenborne, L.J5Phys. Cheml996 pendence of on [L]) during MLCT excitation. However, for
“8) 100, 16545, B vang T ys. ) the photosubstitution of W(CG@phen by PMeg, the quantum
(49) Rosa, A.; Ricciardi, G.; Baerends, E. J.; Stufkens,.ndrg. Chem

1996 35, 2886. (51) Weber, W.; van Eldik, R.; Kelm, H.; Dibenedetto, J.; Ducommun,
(50) Wilms, M. P.; Baerends, E. J.; Rosa, A.; Stufkens, Indrg. Chem Y.; Offen, H.; Ford, P. Clnorg. Chem 1983 22, 623.

1997 36, 1541. (52) Fetterolf, M. L.; Offen, H. W.J. Phys. Cheml1986 90, 1828.
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Scheme 2 in the latter case this changeover does not occur for the very
[(COX(phem)M + CO + LJ* bulky PPh n_ucle_op_hile. It follows that the size of both M and
L and the irradiation wavelength control the nature of the
"D \ photosubstitution mechanism of complexes of the type
- 53 i i iati

[M(COYphen]* + L+ [(CON(phenM-—CO, L]* M(CON(phem)L + CO M(CO)4phen._ Sm_cg pressure will ac_celerate asso_C|at|ve and
. decelerate dissociative reactions, this parameter introduces a

bl A further tuning possibility especially under conditions where
[M(CO).phen] [(CO)«(phen)M(L)]* parallel associative and dissociative reactions may occur. Such

a situation exists for instance for the substitution of W(&O)
yield at 546 nm irradiation exhibits no dependence on the (phen) by PBGs (Table 2) during irradiation in the range 380
temperature (298, 318, and 338 K), indicating that thermal back- to 420 nm where a sudden changeover in the importance of the
population from MLCT to LF excited states cannot play a associative and dissociative pathways occurs. It is therefore
significant role. In general it is expected that the photosubsti- appropriate to conclude that the photosubstitution mechanism
tution reaction will occur from the lower lying.F and3MLCT of M(CO)a(phen) can be systematically tuned by variation of
states. the metal, entering nucleophile, nucleophile concentration,

The results of the present study can be summarized with theexcitation wavelength, and applied pressure.
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variables will control the nature of the substitution mechanism, ¢1anges observed during the photosubstitution of Cripgn) and
hich in turn can be characterized from the observed ressureW(CO)“(ph.en) by PBL, effect of nucleophile concentration on the

w pr quantum yield for the photosubstitution reaction of W(@@fen), and

dependence. In the case of the smaller Cr Center'the.re 1S SOm‘?)ressure dependence of the quantum yield for the photosubstitution

evidence for a changeover from D tgfor the substitution of  reaction of Cr(CO)phen) as a function of irradiation wavelength (5

CO by a small nucleophile such as PMen increasing the  pages). Ordering information is given on any current masthead page.

irradiation wavelength. In the case of the larger Mo and W

centers there is clear evidence for a changeover from D to A

on increasing the irradiation wavelength from LF to MLCT  (53) cao, S.; Reddy, K. B.; Eyring, E. M.; van Eldik, Rrganometallics

excitation for PMg and PBU; as entering nucleophiles. Even 1994 13, 91.
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