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Geometry Considerations
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MLCT Excited State?

Similar to Cupric State:
1) Formally Cu(ll)
2)L arge Stokes shift
3) Exciplex formation




Nanosecond Pump Probe X-Ray
Characterization of Cu(dmp),*
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M echanism of Excited State Deactivation
J. Am. Chem. Soc. 2002, 124, 10861; J. Am. Chem. Soc. 2003, 125, 7022

< Jahn-Tdl
NN\\\ N A Ynoriioﬁ! 14 ns
TBP \|
— (N\\\\ CU”_
| ©
N

K + Koy

NI
' (\“\\c

N




The Quest for Long-Lived MLCT Excited States
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Crowded Cu(l) Compounds
lnorg. Chem. 2001, 40, 3413.
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Excited State Properties
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Cuprous Donor Acceptor Compounds

Cu(mbpy-MV?*),(PFg)s
E° =0.10 V (SCE)
7\4abs = 445 nm

Cu(mbpy-MVZ")(PPh3),(PFg)3
Epa ~0.7 V (SCE)

CH>Cly: Aem = 680 nm
T = 90 ns



Adduct Formation in the Char ge Separ ated State?
J. Amer. Chem. Soc. 1997, 119, 12004, Inorg. Chem. 2000, 39, 3777.
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Activation Energies for Charge Recombination

Solvent AGi (kJ/mol) AH¢ (kJ/mol) ASi (J/IK*mol)
CH2CICH2CI 31+4 2+0.5 -90+ 10
CH3CN 32+t4 4+1 -90+ 10
DMF 40+ 3 18+ 2 -/10+6

DM SO 39+3 25+ 3 -60+ 6



Hemocyanin Active Site Structures
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deoxy-Hemocyanin colorless

Limulus Il (horseshoe crab):
Cu..Cu=4.6A
Trigonal-planar Cu(l), Cu-N ~ 2.0 A

$
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|'\|His
S

oxy-Hemocyanin blue

Limulus Il (horseshoe crab):

Cu..Cu=36A

Amax = 345 (£~20,000), 570 nm (1,000)

{O-0) ~ 750 cm™t
Diamagnetic

K. A. Magnus et al., Proteins, Struct., Funct., Genet., 1994, 19, 302.
B. Hazes et al., Protein Sci., 1993, 2, 597.



Reversible O,-Binding of TMPA-Cu(l)

L = TMPA

[LCu(Oz)]" +

— ~  [LCu(O,)]" + EtCN

410 nm, 747nm

[(LCu)o(02)14

525 nm
595 nm (sh)

Karlin, Kaderli & Zuberbihler, Acc. Chem. Res., 1997, 30, 139-147



Goal: Observe the Formation of [(TMPA)Cu"(0,)]*

PY 17 Py 7
'Flash and Trap' // \ hv _ // \
Time Resolution: ns 2\/%u —CO == B 4N\/(%u + CO
Rely on CO Photolability & Kobs (S™) &
py PY py PY

+ -+
Stopped-Flow Kinetics P\{ | 0 k // P< |
; — 2: K02
Tl.me Resolution: ms R V — Cu'—Solv == S Qu”—OZ_
Directly Observe O, Binding 4\/ 2 K.o2 4\\/E
No CO Competition Py ~pY
Temp kop (Mt s™) Koz (M)
183 K 1.18 x 10° - 740 -
EtCN 223K 5.0 x 10° ig* :1% 6 22 220 ;:fgf
298 K 5.8 x 10’ 0.38
183 K > 2 x10° : 7 x 10° 5
Z AHF = e s | AH®=—41
THF 223K ASF = 5.5 x10° | g0 _ 117
298 K 2.1 x10

Units for AH*, AH®: kJ/mol Units for AS*, AS®: J/mol K Inorg Chem., 2003, ASAP



Use of CO Photolability in Cytochrome ¢ Oxidase
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Greenwood, C.; Gibson, Q. H. J. Biol. Chem. 1967, 242, 1782-1787

Woodruff, W. H. et al. Biochemistry 1993, 32, 12013-12024
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Time-Resolved Spectroscopies

Calculated spectrum:
l {[LCu-THF]" —[LCu-CO]"}
0.02-
0.01-
0.00-

[LCu-COJ"

300 350 400 450 500  550nm

hv
kobs
(20°- 10" s

[LCu-solv]" + CO
hex =355 m

* AA plot: Formation of copper solvento
species (t = 10 ns) and decay to the
[LCu-CO]" (baseline) in excess CO

e Inset: Pseudo first-order kinetic
trace at Aqayx = 333 nm.

TRIR: CH2CN solvent, RT, 1 atm CO

e [(TMPA)CU(CO)]* vco: 2092 cm™
e Inset: Kinetics at vep = 2088 cmt

Inorg. Chem. 2001, 40, 4514
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Physical Analysis of CO Recombination

[(TMPA)Cu(solv)]" + CO

TMPA)Cu-COl"
\ e ]kobs<s'1)
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[CO] Dependence Eyring Plot
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[CO] (M) -UT (103K

Solvent/ Temp keo (M s™)  AG* (298 K) AH? AS?
CHSCN (2908 K) 3.1x 10" 39.9kd/mol 22.3kJ/mol —59.5 J/mol K
THF (298 K) 1.6 X 107 mmmmmmmmmmmmmmeos e e

THF (198 K) D O ——




Flash and Trap (198 K, THF) Observation of [(TMPA)Cu(O5)]"

¢ hv ‘kfast . ¢
LCu(CO)]" + 0, 1L [LeuTHR" + cO + 0, <Z= [LCu(O; )] + €O
Aeh ~?50 nm kCO A = 328 nm 02 A = 425nm
kqlnw |
CO 'protects' [LCu]" from Oo-reactivity
0000 [LCu(THF)]"
Photoexcitation of [Cu'(tmpa)(CO)]" 5000 7
in CO/O> mixtures results in partial 4000
formation of [Cu”(tmpa)(oz‘)]+ ¢ 3000 A
2000 -
kco=3.7x10° Mt st 1000 -
(THF, 198 K, 1 atm CO) 0 \ \ ,
300 400 500 600 700

koo and Koy can be determined Wavelength (nm)



Competitive Binding of O, and CO

i e ¢

hv _
[LCu(CO)]" + O, ? [LCu(Solv)]" + CO + O, Koo [LCu(O, )"+ CO
© Amax = 328 nm 0 Amax = 425 nm
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e Temp = 193-198 K
 [COJ:[O»] varied by gas flow control
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Equilibration of [(TMPA)Cu(O,)]™ to [(TMPA)Cu(CO)]*

hv —
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Antonini, E.; Brunori, M. Hemoglobin and Myoglobinin
Their Reactions with Ligands; North-Holland Publishing Co.;
Amsterdam,1971.



Rate Constants for Hemes & Copper Proteins and Complexes

Protein / Complex Koo, (Mt s?) Koo (SY)
Durene-Capped Heme 0.98 —10x 10’ 10% - 10°
Picket Fence and Pocket Heme 0.2 —43x 10’ 9-2900
Mb (Sperm whale, E7 His) 1.4 x 10’ 12
Mb (Sperm whale, E7 Gly) 14.0 x 10’ 1600
Mb (Range of Mutant and WT) 0.88—-25.0x 10"  12-23000
Hb (a-chain, Human) 3.36 x 10’ 28
Hemocyanin 0.5-5.7 x 10’ 60 — 1000
Tyrosinase 2.3 x 10’ 1070
CcO (Fey) 1.1 x 10° N.A.
CcO (Fey) 9.0 x 10° s* N. A.
CcO (Cug) 3.5x 10° 5x 10°
[(TMPA)CU(EtCN)]* (198K, EtCN) 63x10° 270
[(TMPA)CU(THF)]* (198 K, THF) 2.5x 10° 300

® Changing the solvent from EtCN to THF increases kqn, by > 103Mmtst
* 0O,-binding (ko») to [[TMPA)Cu(THF)]" exceeds that for Cu-proteins and hemes.

® |nsight to the possible role of Cug in CcO as a 'way stop' for O»-binding?



Conclusions

-Excited state structural determination by x-rays realized
for thefirst time.

- Non-radiative decay from Cu MLCT excited state
follows the energy gap law.

- Long-lived emissive Cu excited states achieved through
minimizing excited state distortion and pi-stacking.

- Evidence for controlling charge separation lifetimesin
Cu D-A compounds through inner-sphere coordination.

-Photodissociation of CO allows rapid kinetics for O,
binding to copper to be quantified for the first time.



