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Abstract: Resonance Raman spectra of dicopper complexg3uf(-O),]2" contain a number of resonance-
enhanced features between 500 and 900%cmith L = R;TACN and various bidentate ligands (TACN
1,4,7-triazacyclononane). Most importantly, there is a vibration near 600ionall [L ;Cup(u-O);]?" compounds

that is polarized, shifts by 927 cn ! upon!80, substitution, and gives a new peak w080 substitution,
identifying it as a totally symmetric fvibration of the bisg-oxo)dicopper(lll) core. Changing the pendant
groups on BTACN causes shifts in the frequency of the GuO), vibration, but the direction of these shifts
depends on the details of the organic fragment. A substantial shift to higher frequency is evident when bidentate
ligands are used in place of TACN. Importantly, bidentate ligands with two different types of nitrogen donors
show two independent core vibrations; these are assigned as “breathing” and “pairwise” modes through simple
group theory considerations as well as by calculations using density functional theory. These calculations are
extended to examine systematic trends with ligand variation as well as potential excited-state distortions of
the core. Finally, the symmetry and energy of the(@tO), vibrations are compared with resonance Raman
data for other biologically relevant high-valent{-O), cores (M= Fe, Mn) to derive lessons for examining
biological and model systems.

Introduction have been proposé€dThus, studying complexes with k-
0O),]"* cores may help us to understand the oxidations of water,
methane, and tyrosine in nature. In addition to these biological
centers, synthetic complexes containing the{40),]"" (M
= Fe or Mn) cores have been characterized, leading to insights
into their structural and physicochemical signatur&s?

The characterization of compounds with [u-0),]2"
corest! derived from reaction of copper(l) complexes with
dioxygen, has raised the possibility that suchy(dMO);]""

The bisf-oxo)dimetal [My(«-O),]"" core has been proposed
as a common motif for oxidation chemistry mediated by
manganese, iron, and copper metalloenzyhiesor example,
water oxidation during photosynthesis occurs at a tetramanga-
nese cluster shown by spectroscopic studies to contain-[Mn
(u-O)2]"" units® X-ray absorption fine structure (EXAFS) and
Mossbauer studies of the intermediate directly responsible for
the oxidation of alkanes by soluble methane monooxygenase

(compound Q) support an [Fe(u-0),]*" formulation, possibly
with additional bridging group$.The catalytically essential
tyrosyl radical (Y123) in ribonucleotide reductase is generated
from an intermediate, termed X, that has a core that is best
described as PE-€V > and appears by Misbauer spectroscopy
to be very similar to that generated by reducing Q by one
electron® These results suggest that X may have a similalf fFe
FeV(u-O);]3" core, although alternative structures for Q and X
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Figure 1. Perspective view of the [Gu-O);]?>" core derived from

the X-ray crystal structure of [(BmTACN)Cux(u-O)z](SbFs)., showing

the range of metrical parameters from the three X-ray structural studies
of these core§1°

intermediates are also involved in oxidation chemistry mediated
by copper-containing enzym@sand abiological catalysts. X-ray
crystallographic and EXAFS studies of complexes that contain
the [Cu(u-O),]4" core have shown that it is a planar, symmetric
Cw,0, rhomb with short copperoxygen and coppercopper
distances of 1.8 and 2.8 A, respectively (Figuré .15 Recent
research efforts with bigfoxo)dicopper complexes capped by
1,4,7-trisubstituted 1,4,7-triazacyclononanesT¢RCN, Chart

1) have focused on the interconversion of the core withits (
72 n-peroxo)dicopper isométP-13.16.17ts theoretical charac-
terization by ab initio calculation$?18the mechanism of its
oxidative reactions? and the effects of turning thesRACN

into a binucleating ligan&*2°Complementary studies by Stack

and co-workers have shown that bidentate amine donor ligands

also can support the [G{u-O),]?" core!® and Karlin and co-
workers have provided evidence for this core in complexes with
tridentate pyridine-containing liganésWe also have found that
bis(u-oxo)dicopper complexes with bidentate, mixed pyridyl/
amine donor ligands are capable of hydroxylating both pendant
aromati&? and aliphatié® groups.
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The possibility that nature uses B4-O),]"" groups as
reactive intermediates with three different metals has provided
the impetus to undertake detailed spectroscopic studies of
synthetic complexes containing these cores. Common spectral
features include electronic absorptions in the visible region that
are assigned as ligand-to-metal?(O— M**) charge-transfer
transitions on the basis of their intensity and the high formal
oxidation state of the metals. Resonance Raman (RR) spectra
obtained by excitation into these charge-transfer bands in model
complexes that contain [M(u-O),]™" 24726 and [Fe(u-0);]3"
core$?” have an intense feature in the 65010 cnt? region.

In initial reports of [Cu(u-0),]>" complexes, similar bands were
noted at about 600 cm,!3 and this recurrent feature was
assigned as a characteristic vibration of the/biz{o)dicopper
core. However, this vibration was not assigned to a specific
normal mode of the core.

In this study, we analyze RR data for a wide range of bis-
(u-oxo)dicopper compounds supported by ligands of varying
structure. Although many of these are capped by tridentate
TACN ligands, bidentate amine ligands as well as bidentate and
tridentate imine/amine ligands have been used comparatively
to understand the vibrational features of this important type of
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copper-oxygen complex. The characteristic 600 ¢raibration Table 1. Position of the Cy(u-O), Vibration in [LoCuy(u-O))?"
is shown to correspond to a “breathing” vibration of the entire Complexes

[Cuyx(u-O);]" core, and the effects of oxygen isotope substitu- »(Clx(u-O)2)

tion and of ligand deuteration, substitution, and geometry on (1802(2;951)*3”0)/) UV/vis

S i : . : L Ivent f
this vibration are elucidated by using experimental and theoreti- - soven (nm) e
cal methods. Importantly, spectra of complexes with ligands PBTACN® acetone 590 (565) 420 13,16
taining two different nitrogen donors show a second Raman- % FRTACN acetone 587 420 this work
Con. ,g . 9 o e di1g'PsTACN® acetone 593 420 this work
active vibration of the [Ciu-O),]*" core, and ab initic g, iPrTACN acetone 592 (568) 420 this work
calculations are used (a) to support an assignment of this'PETACN? THF 589 (567) 324,448 13
vibration and (b) to address the effects of ligand asymmetry. gzr'ffgﬁc’\‘d TH'? 5283(/55215) 3536448 tm_s WOfkk
: : H N3 acetone IS wor
Finally, comparison of the copper system tq iron and manganesep "1,y CH,Cl, 603/595 (576) 318,430 83
a_malogues Iet_s one draw general conclusions about the vibra(_gn,TacN CH.Cl, 601/592 (573) 318, 430 this work
tional properties of [M(u-O)]"" cores. d21-BnsTACN CH.Cl, 594/587 (571) 318,430 3
(MeO-BnkTACN  CH.Cl, 600/590 (571) 316, 436 this work
Results (‘Bu-Bn)TACN CH,Cl, 598/588 (571) 318, 436 this work
A2+ ) (MeOOC-BnYTACN CH,Cl, 592/575 (567) 316, 426 this work
Resonance Raman Spectroscopy of fua(x-O),]* Com- (FC-Bn)TACN  CH,Cl, 586/567 (563) 316,426 this work
plexes With Tnaza_lcyclonqnane Ligands. The elect(onlc iPLBNTACN acetone 586 (563) 436 n3
spectra of these big{oxo)dicopper complexes contain two  MesTACN CH,Cl, 604 (581) 300, 405 15
characteristic features at 36830 and 408-450 nm attributable 1/szr4-mXY CH:Cl, 584 (561) 320,430 20
. I
to oxo-to-metal charge-transfer transitidAd5 These bands are ~ /2PuP-XY CH:Cl, 583 (561) 318,432 20
f high intensity ¢10* M~1 cmY), consistent with a large 12Pu-dtne CHCl, 585 (568/561) 316, 414 4
or hig Yy J , g 1, Prs-dtne CHCl, 603/586 (569) 316, 414 this work
degree of covalency in the G bonds of the [Cy(u-O),]%" MePY2 e 577 (551) 410 21c
corell13| aser excitation into the low-energy tail of the latter MesCHD e 605 (581) 296,392 15
band (457.9 or 514.5 nm radiation from an argon ion laser) MeéE|_t|2CHD e 2%2 Eggg; g(l)gvigé ig
causes resonance enhancement of several features in the Ram%PD A acetone 608 (582) 206 this work
spectrum. A large number of Raman peaks are observed,ipy,-paco' CH:Cl, 632/591 (588) 330, 438 this work
suggesting that many different vibrational modes, includigg R m-NO,PhPyNE#  acetone 607 (580), 584 (570) 404 22
TACN ring deformations and/or R group vibrations, are coupled iF’VIPhedztf ) acetone 607 (578), 566 (555) 402 23
to this charge-transfer absorpti&h.To positively identify Pr-DACO CHCl, 632/591 (588) 330, 438 this work
vibrations involving the [Cy(u-O),]?" core, the complexes were a Jex = 457.9 nm;T = 77 K. All complexes are CI@ salts, unless
synthesized usingfO,, resulting in doubl€®0 incorporation. otherwise indicated? The frequency here corrects the original report

; (see Experimental Sectiorf)iex = 514.5 nm.4CIlO,~ or PR~ salt.
Importantly, the RR spectrum of each complex contains at least | Aex=406.7 nm; BArF (MePY2) or SECF;~ (CHD) salt; solid sample.

one intense peak in the 58816 cnr* region (Table 1) that 1 gpr- salt 94, = 406.7 nm:T = 193 K Sbk- salt.

shifts by 19-27 cnt! with double oxygen isotope substitution,

showing that these are due to core modes that involve @u 565

stretching. No bands outside this region shift ustf@,. All y

[Cux(u-O)]?" complexes exhibit such a band, regardless of s \N/ /\WM,M,
steric and electronic properties (Chart 1). Many of the frequency 2

values described above are slighttyl0 cnt?) different from 590

those we originally reportedi!314.16.20.2%he frequencies here

should be used in place of the earlier values. For details, see 577

the Experimental Section. 606

As examples, spectra of frozen acetone solutions 'Bfsf( 180 f N
TACN)Cup(u-0),](ClO4), and its fully180-labeled isotopomer 2 ) . ,
are shown in Figure 2. Features are observed at 577, 590, 606 540 560 580 600 620 640
and 775 (not shown) cn, and at 565 and 774 (not shown) in Raman shift, cm’”
the 180-substituted analogue. The spectra are similar in various Figure 2. Resonance Raman spectra(= 514.5 nm) of [Pr-
solvents as well as solid samples, except for a band at 713 cm TACN)ZCuzw-O)z](CIO4)2 generated fmrﬁsoz (tob) and from260,
due to the G-O stretching vibration of the:-r%n?-peroxo (bottom) in frozen acetone (77 K).
isomer, which is present in some solvents with some counter-

™
660

ions16.17.30The most prominent peak occurs at 590 ¢pmand To aid in the assignment of the other peaks, RR spectra of
it shifts to 565 cm® with 180 substitution, suggesting that itis  [((PTACN),Cux(u-0)7](ClO4). with varying levels of deutera-
associated with CuO stretching. tion in the isopropyl groupsdg = methine positionsphg =

(27) Wilkinson, E. C.; Dong, Y.; Zang, Y.; Fuijii, H.; Fraczkiewicz, R.; methyl positionsidz; = all positions) were measured (Figure
Fraczkiewicz, G.; Czernuszewicz, R. S.; Que, L., JrAm. Chem. Soc.  3). It is clear that the peaks at 577 and at 775 tnm the
199§ 120 955-962. undeuterated complex are associated with the isopropyl methyl

(28) A complete listing of vibrations for all complexes in the 438D0 . .
cm- region is included in the Supporting Information. groups because they are only slightly affected by deuteration

(29) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Cramer, C. 0f the methine protondg) but shift by 22 cm? (to ~555 cnt?t)
J.; Que, L., Jr.; Tolman, W. Bl. Am. Chem. S0d.995 117, 8865-8866. and 47 cm? (to ~728 CnTl), respective|y’ when the methy|

(30) The solvent/counterion sensitivity is illustrated by the case®ff( :
TACN),Cus(ii—O)s]X» in acetone: when % PFs or Sbi, features due to protons are deuterated;§ andd,;). The peak at 606 cnt shifts

both u-17%n2-peroxo- and bisi-oxo)dicopper cores are observed in YV more gradually upon deuteration, and only by a small amount.
vis and RR spectré, but when X= ClOq, only the bisg-oxo)dicopper Because (a) this peak is only observedi® complexes that

species is evident at the concentrations used in the RR experiments (Tablenave a nearby peak from €O stretching, (b) its frequency is
1 and Figure 3}7 !

(31) Hathaway, B. J.; Tomlinson, A. A. @oord. Chem. Re 1970 5, too high to involve primarily Ce-N motion? and (c) it is
1-43. minimally sensitive to deuteration, we assign it as a weakly
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Figure 3. Resonance Raman spectrax(= 457.9 nm) of [(Pr-
TACN)Cuy(u-O)2](ClO,), in acetone at 77 Kdp), with the methine
protons deuteratedlf), with the methyl groups deuterated:d), and
with the isopropyl groups completely deuteratedi), The peaks at
797 cni! are from acetone solvent.

10 0.4
- 0.35
8000
—_
\ 5
£ 6000 a
s =
S 4000 g
4000 2
2000

— Ly T T T

420 440 460 480 500 520 540
A, Nm

Figure 4. Excitation profile for [(21-'PETACN).Cub(u-O)](PFe)2 in

acetone, collected as described in the text. The peaks at@9angd

712 cnt () are due to the [Ciu-O),)?* core vibration ando-o of

the u-n%n?-peroxo) isomer, respectively. The peaks at 55% 605

(2), and 7260) cm™* are due to ligand vibrations. The slight difference
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Figure 5. Resonance Raman spectrax(= 457.9 nm) of [(Br-
TACN),Cup(u-0),](ClO4), generated fromt®O, (top) and from*O,
(bottom) in frozen CHCl, (77 K). The isotope-sensitive doublet
centered at 599 cm in the lower spectrum is assigned as a Fermi
doublet that shifts to 576 cmin the upper spectrum.

Table 2. Depolarization Ratios for the Core Vibration(s) in
Various [L.Cw(u-O),]?" Complexes in Acetone Solutio & 193
K)

L Aex (NM) dp ratio
PTACN 457.9 0.13
BnsTACN 457.9 0.57,0.58
TMPDA 406.7 0.21
m-NO,PhPyNE}$ 406.7 0.33,0.35

wavelength approachégaxfor the LMCT transition, consistent
with its assignment as a vibration of the [u+O);]?" core
and assignment of the nearby bands at 556 and 603 as
vibrations that involve motion of the #FRACN ligands in the
bis(u-ox0) complexes (see above). The peak at 712%cfa)

is the O-0O vibration of the g-r%n?-peroxo)dicopper isomer;
its intensity increases with longer wavelength excitation, due
to the electronic absorption feature of this species&t0 nm32

Figure 5 shows the RR spectra of frozen O solutions
of the benzyl-appended [(BRACN)Cuy(1-O),](ClO4), and its
doubly 8O-labeled isotopomer. The spectra of the para-
substituted analogues discussed below are all qualitatively
similar to this one, in which two bands in tH€0, complex
(603 and 595 cmt) shift into one band (576 cm) in the 180,
complex. All other features are not sensitive to oxygen isotope
substitution but shift drastically with deuterium substitution at
the benzylic and aryl positions, showing that they are primarily
ligand vibrations. The oxygen isotope-sensitive behavior of the

between frequencies here and in Figure 3 is due to the difference in pajr of features at-600 cn® in all of the BrsTACN-capped

counterion.

resonance-enhancedsTACN ring vibration that “borrows”
intensity from the large CdO stretching band. The slight

complexes leads us to assign them as a core vibration that is
split into a Fermi doublet. In support of this hypothesis, the
isotope shifts using the average frequency of the ¥ peaks

are in the same range as tH®,—180, shifts observed for the

frequency shifts observed are also consistent with variable giher systems (where only a single peak appears for 156k

mechanical coupling.

and180,-labeled compounds). Moreover, the two peaks have

To verify that the resonance enhancements are indeed due tqdentical depolarization ratios (see Table 2). A combination band

the ~420 nm visible absorption, a partial excitation profile
(Figure 4) was measured usingl{(-Pr;TACN),Cux(u-O),]-
(PF)2 in acetone, conditions where UWis bands due to both
u-n%n?-peroxo- and big(-oxo)dicopper isomers are preséhit’-2°
The peaks at 556, 594, 605, and 726 érfcorresponding to

from RR bands detected at 291 and 328 émwould have
roughly the correct sum to be the source of the doublet, a notion
that is corroborated by the lack of a doublet for tH®,
isotopomer, in which the core vibration frequency is farther from

those at 577, 590, 606, and 775 in the undeuterated analog) all (32) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Que, L., Jr.; Tolman,

gain intensity as the excitation wavelength moves closer to the

420 nm feature in the U¥vis spectrum. The band at 594 cin

W. B. J. Am. Chem. Socl994 116, 9785-9786. Note that the ©0
vibration in theu-1%n?-peroxo isomer capped BPrsTACN should be at
713 cmr (672 cn1t for the 180, isotopomer), not 722 cn as reported in

(®) shows the greatest increase in intensity as the excitationthis reference.
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the calculated 619 cm combination. Alternatively, the coupling 74
could arise from a Raman-allowed overtone of a nontotally £ | —-=—607| 12 %
symmetric mode near 300 ct) numerous such modes are = 6 —5—580 3
possible, but our inability to collect low-temperature, low- @ 5J 10 g
frequency infrared spectra has prevented evaluation of this g -8 8
possibility. 2 47 Y
Resonance Raman Spectroscopy of JCu,(u-0)2]>" Com- s g 37 6 &
plexes With Bidentate Ligands.Stack and co-workers have \ £ o] 4 2
reported UV-vis and RR data on a series of bis§xo)dicopper- 1 S g
(111 complexes capped by bidentate alkylateains-1,2-cyclo- ; £ 1- 2 5
hexanediamine ligands (abbreviategCORID here; R= methyl ! - 0 0 3.
or ethyl)1®> The RR spectra were gualitatively similar to those | 300 350 400 450 500 550
described above for TACN complexes in that each had one wavelength, nm

major band at 61& 6 cnT ! which shifted by~25 cnT! when
180, was used. The commercially availabgN,N,N'-tetra-
methylpropanediamine (TMPDA) ligand also gives his{o)-
dicopper(lll) complexes that are spectroscopically nearly iden-
tical to those with RCHD ligands®® Bis(u-oxo)dicopper
complexes with bidentate 1,5-diisopropyldiazacyclooctérg-(
DACO) could be prepared similarly: in this case, two bands in —

T

T I L T LI
the 160, complex (632 and 591 cm) shift into one band in 520 540 560 580 600 620 640
the 180, complex (588 cm'). Because the average of the Raman shift, cm’
frequencies of the twéf0, peaks is 612 crmt, very close to Figure 6. Resonance Raman spectia( 457.9 nm) of [(ArPyNE)-
the frequencies of the peaks in complexes of other bidentate Cuy(u-O).](SbFs). generated from®0, (—) and from*0, (— — —) in
ligands, these are assigned as a Fermi doublet. frozen acetone (77 K). The brackets connect peaks proposed to be from

Until this point, all of the [Cy(u-0)]2* cores had produced the same mode in different isotopomers. Inset: Excitation profile of
only one major®0-sensitive resonance-enhanced vibration. [(ArPYNEE)2Cle(u-O)(SbF)z in acetone solution at80 °C.

However, when ligands with twdifferentnitrogen donors are  feature of the [Cy(u-O);]2+ core has been uncovered, and that

used to make biagoxo)dicopper(lll) complexes, two intense jts presence is related to the lower symmetry of the bidentate
oxygen isotope-sensitive bands are observed in the region neafigand.

600 cnttin the low-temperature RR spectrum. The RR spectra Single Oxygen-Isotope Labeling Experiments.Using
of bis(u-oxo)dicopper complexes with ArPyNE(2-(diethyl- “16/180," (a statistical mixture oft60,, 16010, and180,), we
aminomethyl)-6-arylpyridine; aryk CeHs, m-CsHisNO2)*2 and synthesized big(-oxo)dicopper cores with a singléO label.
with Py|Phe (N-ethyl-N-(2-phenylethyl)-2-(2-aminoethyl)pyri-  |f the ~600 cn1? vibration were not due to the entire core,
diney? ligands are extremely similar; the former is shown in  then the singly labeled compound would appear identical to a
Figure 6. In each spectrum, there is a large feature @7 superposition of théé0, and 180, compounds, while a tetra-
cm~t which shifts by 28+ 1 cnr* with 180, substitution. From  atomic vibration would give an intermediate frequency. The
these characteristics, it is clearly analogous to the vibrations [(iPLBNTACN),Cup(u-O),]2t and [(TMPDALC(1-O)]2* com-
observed in complexes with CHD, TMPDA, and DACO plexes were chosen as representative complexes with tridentate
bidentate ligands. The second vibration is at lower energy (582 and bidentate ligation because these had a relatively small
or 566 cnt?, respectively) and curiously shifts by a smaller number of additional Raman bands in the 5680 cn region.
amount (12+ 2 cm %) with 80, substitution. Peak-fitting analysis of RR spectra of samples prepared using
Additional experiments on the compound with ArPyM&nd 161180, showed that a new intermediate band was present in each
PhPyNE;4 ligands verify that the unusual second vibration is mixture. Thus, a band in'RLBNnTACN),Clp(u-O),]%+ at 580
also due to the bigfoxo)dicopper core. (1) Neither peak is =+ 2 cml, between thé®0, and 180, peaks at 585 and 562
observed in solutions warmed to room temperature to decom-cm-%, and a band in [(TMPDACw(u-0),]?" at 598+ 2 cn?,
pose the big(-oxo)dicopper complex. (2) The dependence of between the'®O, and 180, peaks at 608 and 582 crh are
RR intensity on excitation wavelength (Figure 6, inset) reveals assigned to a G(u-1%0)(u-180) isotopomer. The presence of a
that both peaks have similar profiles. This shows that the bandshew isotopomer in the mixture strongly implies that the core
are from the same chromophore, or from two compounds with vibration is tetraatomic. (For details, see the Supporting
a similar UV-vis feature. (3) Monitoring a solution sample of Information.)
[(PhPYNE:).Cw(u-0O);]?" by RR spectroscopy at70°C shows Theoretical Studies.As part of an earlier investigation of
that the intensity of both bands decreases over time in an[Cuy(u-O)]?" complexes, force constants and vibrational fre-
exponential decay. The first-order rate constants are the samejuencies for [(HN)sCu(u-0),Cu(NHs)3]?", which models the
for each band (3.6« 107 s71), in reasonable agreement with  tridentate ligation of the TACN complexes, were derived from
the rate measured by UWis spectroscopy (6 2 x 1074 ab initio calculations at the RHF/STO-3G level of thedty.
s71).22 Therefore, these bands could only be from different These calculations (using idealiz€g, symmetry) predicted two
compounds if they coincidentally decompose at the same rateoxygen isotope-sensitive vibrations of the core with frequencies
or are in rapid equilibrium. It seems most likely that both of 711 and 693 cmt, corresponding to modes ofgAand B,
vibrations come from the same compound, that a new vibrational symmetry, respectivel$t The nature of these will be discussed
at length below. The high values of the calculated frequencies

(33) Our data on complexes with the TMPDA ligand agree with those relative to those observed experimentally are not unexpected
recently presented with the analogous perchlorate salt: Mahadevan, V.;
DuBois, J. L.; Hedman, B.; Hodgson, K. O.; Stack, T. DJPAm. Chem. (34) In ref 13, these frequencies were scaled by a factor of 0.89 to account
Soc.1999 121, 5583-5584. for systematic errors in RHF calculatioffs.




RR Spectroscopy of the Bis¢xo)dicopper Core
Chart 2

O O O e &

HC N O F Cu

Table 3. Geometrical and Raman Parameters Calculated (BPW91/
pVDZ) for Different [Cuw(u-O).]?" Cores

Raman isotope nature
point rcy—o frequency  shift of
molecule group (/3\) (cm™)2  (cm™l) dp? mode
1 D, 1.830 577.8(553.3) 24.5 0.75 1Bairwise
578.7(554.1) 24.6 0.11 A, breathing
2 Ci 1.809 587.0(560.3) 26.7 0.38 gApairwise
1.812 604.0(579.3) 24.7 0.12 ygMoreathing
3 D, 1.825 573.5(553.3) 20.2 0.75 iBairwise
594.4(569.4) 25.0 0.11 A, breathing
4 Ci 1.823 565.6(541.5) 24.1 0.43 gApairwise
1.827 598.6(570.1) 28.5 0.15 ygfdreathing
5 Con  1.805 588.1(563.8) 24.3 0.29 jAong Cu-O str.
1.822 603.8(576.5) 27.3 0.23 gAshort Cu-O str.
6 Con 1.849 543.5(520.5) 23.0 0.10 gforeathing
547.3(524.3) 23.0 0.75 Ppairwise

aReported ast®0, (*80,). Frequency and isotope shift in cfp
depolarization ratios (dp) are unitless.

because calculations at the Hartrdeock level typically
overestimate frequencies by-105%3° Those calculations have
been repeated here using density functional theory (DFT) at
the BPW91/pVDZ level, which is known to provide high
accuracy for vibrational frequencies in a wide variety of
chemical structure® In particular, six systems are chosen to
maximize opportunities for comparison between high- and low-

symmetry ligand environments, between bidentate and tridentate
capping ligands, and between theoretical and experimental

models. As illustrated in Chart 2, the theoretical model systems
are [(NH)2Cup(u-O)]*" (1), [(NH3)2(NFs)2Cup(u-O)]*" (2),
[(1,2-diaminoethanglu(u-0),]%" (3), [(2-(aminomethyl)pyri-
dinepCuy(u-0)2]%" (4), [(NH3)2(HCN)Cup(u-0),]%" (5), and
[(NH3)sCu(u-0O)z)%" (6). Aspects of modelg!éd2icand6 1b1318,29

unrelated to their Raman spectra have been investigated

previously at various levels of electronic structure theory (see
Table 3). Optimized structures for all six models are available
as Supporting InformatiofY. In each case, only two Raman-

active vibrations involved substantial oxygen atom motion and

(35) Pople, J. A.; Scott, A. P. Wong, M. W.; Radom, Ikr. J. Chem.
1993 33, 345-350.
(36) Scaott, A. P.; Radom, L1. Phys. Chem. A996 100, 16502-16513.

J. Am. Chem. Soc., Vol. 122, No. 5, 208y

Table 4. Core Interatomic Distances (A) for Different Electronic
States of2

electronic state

bond length Aq 3A,
Cu—Cu 2.800 3.059
0-0 2.295 2.205
Cu—0(1) 1.809 1.878
Cu—0(2) 1.812 1.892

thus would be expected to show isotope shifts in RR spectra.
The symmetry, assignment, and trends in these vibrations will
be addressed below in the Discussion section.

To gain insight into resonance Raman intensities, which
depend on differences in geometry between the ground and
excited states, configuration interaction calculations including
all single excitations (CIS) from a restricted Hartrdeock
reference were carried out f@ At the CIS/pVDZ level, the
first state showing significant oscillator strength (0.465) is
predicted to be dA, state well described as a one-electron
excitation from the HOMO to the LUMO. Since an RHF
reference and subsequent CIS treatment of this system would
be expected to perform poorly for all but the most qualitative
information, we do not analyze this calculation for energetic
data. However, to approximate the structure of the excited state,
we have optimized the structure of the correspondiiipdet of
2 at the BPW91/pVDZ level (DFT is not well suited to handling
the open-shell singlet excited state, as it is multi-determinantal;
however, the corresponding triplet does not suffer from this
complication, and we expect the triplet structure to be similar
to that of the singlet). The HOMG— LUMO electronic
excitation causes a significant shift in the core structure, with
the O—0 bond shortening by 0.090 A and the-©@u distance
increasing by 0.259 A (Table 4). A somewhat larger asymmetry
in the two Cu-0O bond lengths compared to that in the ground
state is also observed. Thus, interestingly, electronic excitation
causes the core to distort in the direction of creating a(#zu
n%n?-0O,) structure.

Discussion

When complexes containing the hisgxo)dicopper(lll) core
were irradiated in their charge-transfer bands at-32®0 nm,
intense RR bands were observed. Near 600'¢iat least one
extremely intense band was invariably present, serving as a
signature for the presence of this core. In cases where multiple
bands were evident®O substitution often led to the assignment
of multiple bands as Fermi doublets because two bands with
one isotopomer corresponded to only one band with the other
isotopomer. Finally, partial isotopic labeling and calculations
confirmed that this vibration involves movement of all four core
atoms.

Trends in the Frequency of the [TACN,Cuy(u-O)] Vibra-
tion Indicate That It Couples with Ligand Modes. We have
pointed out the presence of Fermi doublets, the sensitivity of
the core frequency to deuterium substitution on'#1ETACN
ligand, and the fact that thHeO—180 isotope shift for the core
frequency with TACN ligands was invariably less than the
amount expected for a GO oscillator (28 cm?). Each of these
observations suggests that ligand vibrations are coupled to the
“core vibration” in the normal mode responsible for the intense
~600 cnt?! band.

(37) It appears that equilibrium structubes only very weakly stable,
because several initial attempts at optimization converged smoothly to a
Cu(u-7%n?-Oy) core. This observation is consistent with the notion that

weak donors (like acetonitrile) fail to stabilize the copper(lll) oxidation

state as effectively as strong donors and thus destabilize ti{e-O). core.
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580~ influences from the entire organic substituent cause the effects
N arent on the core vibration, apparently from a contribution from
= 576 P Cu~—N stretching in the Ca{u-O), mode.
o ~ The Effect of Coordination Number. The [Cip(u-0),]2"
éﬁ o~ _ OCH B frequencies are systematically higher (by20 cnt?l) for .
© 5721 dg S~ 0 ,Feu complexes that have two-coordinate ligands than for those with
E do1 T~ three-coordinate RACN ligands. Recent theoretical work by
% 5681 >~ Alvarez and co-workers has shown that hisio)dicopper
S e~ - complexes are stabilized when the equatorial ligands can reside
E 6a COOCH, closer to the Cyu-O), plane (as expected for e-Cu'
o CF.* complex)!® Thus, it is possible that the lesser constraints of
3 the bidentate ligands allow the [g{u-0),]2" core to relax into
560 100 440 180 520 560 500 a lower-energy square-plgnar cqnformation with stronge.fcul
) . ) bonds and a correspondingly higher frequency core vibration.
mass of substituted tribenzyl-TACN ligand Alternatively, the well-known shortening of metdigand bonds
Figure 7. Plot of the frequency of the G-O), vibration in [((p- with decreasing coordination number could cause stronger

X—=CsHaCHy)sTACN)Cup(u-80),](ClO4)2 vs the mass of the ligand.  Cu—O bonding in the complexes with bidentate nitrogen ligands.
It should be noted, however, that the energetics ofbis(0)-
dicopper complexes are affected substantially by subtle changes
in ligand properties, solvent, and/or counteridi%l” such
“environmental” influences may also contribute to the changes
in the copperoxygen bonding apparently reflected by the trends
in core vibration frequencies. This issue will be addressed below
using theoretical methods.

Assigning the Experimentally Observed Core Vibrations.
When bidentate ligands with two different donors (hereafter,
“asymmetric” ligands) were used, two vibrations were present
in the characteristiec~-600 cnT? region for each isotopomer,
and further experiments suggested that two independent modes
of the same [Cy(u-O);]%" core are observable.

Group theory gives insight into the reasons for this difference.
The point group to which a specific }k-O), core belongs
depends on the symmetry of the capping ligands. If there is a
symmetric bidentate ligand on each metal, then the core would
haveD,, symmetry; with asymmetric bidentate ligands disposed
in a pseudo-trans (anti) fashion, the symmetry is reduced to
Can (with the C, axis perpendicular to the core). The irreducible
representations of the four core stretching vibrations are shown

Table 1 includes several bisoxo)dicopper complexes with
para substituents on the benzyl rings of [(X-BPMACN),Cu-
(1-0O)2]2" (X = MeO, t-Bu, MeG:,C, and CR),**awhich can be
used to examine the reasons for the shifts in the core frequency
For simplicity, the following discussion uses the frequencies
measured under identical conditions for the [(XsBACN),Cu,-
(u-180),]?" isotopomers, in which the G-O), peaks are
singlets. The core vibration frequency and the electron-
withdrawing or electron-donating nature of the substituents do
not appear to be related, but a correlation{R.84) is observed
when the core vibration frequency is compared to the mass of
the ligand (Figure 7). The decrease in frequency of the core
mode with heavier benzyl substituents suggests that the Cu
(u-O), vibration and Cu-N and/or ligand vibrations [e.g.,
N—C(benzyl) stretches] are coupled. In support of this ligand
mass effect on the core mode, a smooth decrease in the Cu
(u-0), frequency with the extent of benzyl group deuteration
(ds = benzylic positions, and,; = all positions) is apparent.
This result is not general, however, as deuteration of the
isopropyl groups in complexes &#zTACN or iPridtne did not
cause systematic changes in the frequency of thg.GD), o . o .
vibration. This difference between the behavior of the isopropyl- Ionf';;}%u;ﬁﬁv\c\?rtlg E%ngé?glgvﬁﬁ ;/,:?/:j\t/lgntilen f?rzléjttv}\fgé:lnzcdheS'

_anq X-ben_zyl-s'ubstltuted I_|gand_s presumably reflects a changein the first, labeled “breathing,” all four bonds stretch in phase,
in ligand vibrational coupling with the core, but it has not yet

been possible to determine the reason for this change. and in the second, labeled “pairwise,” adjacent bonds stretch

out of phase.
In the X-ray structures of [(BSTACN).Cuy(u-O)2]?" and ; .
[(iPr4dtne)CL¢(Z-O)2]2+ there aEfre unusaglly (‘ZhOZtZ] distances _ 1he most important result of lowering the symmetryGg,

between ligand benzylic or isopropyl methine protons and the in complexes with *asymmetric” ligands is that the pairwise

bridging oxo groups that are consistent with ground-state vibration changes from¢3o A, What effect should this change

C—H---O hydrogen bonding interactions in the cryst&i&? in symmetry have on the RR spectra 0fflu,(u-O)z]*" species?

These interactions are of interest because they may reside onThe major_contributor to resonance enhancemeaterm

; o ttering, is only available to totally symmetric modesn
the potential energy surface for the scission of theséi®onds sca i
by the oxo groups during the intramolecular decomposition the symmetric (.:HD' TMRDAi and DACO-capped complgxes,
reactions of the [Cy{u-O),]%" complexes?2Hydrogen bonding only the breathing mode in Figure 8 is of 8&ymmetry, while
of this type could be manifested in the RR spectrum as a shift g‘ tht?]. asym(rjnetr_lc _ArPyNgzt ar;]d PyPhe complte>:_tesbc_>|fn_
in the core vibration upon selective replacement of the hydrogen reathing and pairwise modes have arépresenta lon. This
in question by deuteriur?® However, the data in Table 1 show prow_d_es a ready_explanatlon for the r_1umber of oxygen Isotope-
that in each case. deuteration at tflle positioto the nitrogen sensitive bands in the complexes with each kind of bidentate
donor gives a core frequency intermediate between those of“gan.d' Qompans_on of frequencies with symmetric and asym-
complexes with undeuterated and totally deuterated substituentsMeC bidentate IlganQS suggests that the con5|.stentl'y ob§erved
implying that the cause of the shift in the core vibration does bar_1d around 610. cn_% IS t_he omnipresent breathing V|brat|on_,
not involve a localized interaction such as-B++-O hydrogen while the new pairwise vibration is the one at lower energy in

bonding. These results suggest that this hydrogen bonding eithe|Ihe ligands with an asymmetric donor set. TACN-ligated
does not exist or does not cause detectable RR shifts under the (39) In this simple analysis, we only consider the linear combinations
frozen solution conditions of our experiments, Thus, mass of the four Cu-O stretches, even though the bareQaicore has a total of
six normal modes. See the Appendix for details and discussion.

(38) Shiemke, A. K.; Loehr, T. M.; Sanders-LoehrJJAm. Chem. Soc. (40) Clark, R. J. H.; Dines, T. Angew. Chem., Int. Ed. Endl986 25,
1986 108 24372443. 131-158.
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Cyy [(bpz),Mn,(1-0),1** A,
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Figure 8. Normal modes of the [Mu-O),]"" core, with symmetry and polarization labels for various symmetti8slid and dashed lines represent
stretching bonds and contracting bonds, respectively, and boldface labels indicate that these modes have Raman-allowed symmetries.

complexes have axial substituents which lower the symmetry
to Cy, (with the C, axis through the oxygen atont$)put the
irreducible representations of the core vibrations in this orienta-
tion of this point group are similar to those Dy, symmetry.
Again, only the breathing vibration has the appropriatg A

symmetry for resonance enhancement, corresponding with the

single major isotope-sensitive vibration.

Depolarization ratiosd = I/l;) can be used to assign the
symmetries of Raman vibrations. This ragids expected to be
0.75 for nontotally symmetric vibrations, and less than 0.75 for
totally symmetric vibrations (in most cases;)A? The generally
low values for the core modes in complexes with various

capping ligands (Table 2) are consistent with an assignment of (pairwise)

all intense vibrations as totally symmetric. Thus the single bands
for the Don TACN and TMPDA complexes correspond to the
core breathing mode. Only when the symmetry is lowered to
Can is the pairwise mode totally symmetric and thus resonance-
enhanced.

Similar symmetry effects have been observed in the-Qu
vibrations of f-n%n2-peroxo)dicopper(ll) complexes. In the
model compound [(HB(3,5-Bhz)s),Cu(u-1%12-O5)], normal
coordinate analysis was used to identify a RR peak at 284 cm
as the A Cu,0O, breathing mode. The 13 pairwise mode was
not resonance-enhanced in these spectra (although an overto

totally symmetric)t® However, when the symmetry of the site
is reduced by its surroundings, as in the active site of the oxy
form of the protein hemocyanin, both breathing and pairwise
modes are observabté.This is directly analogous to the
situation in the above bigfoxo)dicopper(lll) complexes, in
which symmetry reduction results in a greater number of
vibrations becoming totally symmetric.

Theoretical Characterization of [Cuy(u-O),]?" Core Dis-
tortions and Vibrations. The ground-state CtiO bond lengths
in the optimized theoretical models may be found in Table 3.
In the asymmetric cores @& and4, the difference between the
two distinct Cu-O bond lengths is no more than 0.004 Asn
where there is a large difference in donating ability between

(41) Although the core geometries of both §IRCN),Cup(1-O)2)%+ and
[(PhPYNE$).Cup(u-0)2]2" complexes belong to the point gron,, the
C; axis is in the Cu(u-O), plane in the former but perpendicular to the
Cuw(u-O), plane in the latter, causing the same pairwise vibration to have
a By representation in the former and ag #epresentation in the latter.

(42) strommen, D. PJ. Chem. Educ1992 69, 803—-807.

(43) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.;
Solomon, E. 1.J. Am. Chem. S0d.992 114, 10421-10433.

(44) Ling, J.; Nestor, L. P.; Czernuszewicz, R. S.; Spiro, T. G,
Fraczkiewicz, R.; Sharma, K. D.; Loehr, T. M.; Sanders-Loehd. Am.
Chem. Soc1994 116, 7682-7691.

higher
frequency
(breathing)

) O e

Figure 9. lllustrations of the key rhomb normal modes computed at
the BPW91/pVDZ level for3 and 5, shown as the two extremes of
atom displacement. In each case, the lower frequency mode appears
below and the higher frequency mode above; each set of two is
immediately below the relevant molecule. Carbon and hydrogen atoms
have been removed for clarity in the normal mode depictions, but the
orientation remains that shown for the full molecule.

lower
frequency

the sp lone pair of HCN and the jpne pair of ammonia, the
Cu—0 bond length difference is a more substantial 0.017 A.
Table 3 also provides details on two Raman-active core

R . NGibrations found in theoretical models-6 (Chart 2) that are
of this vibration was observed because first overtones are always

proposed to correspond to those assigned experimentally,
namely, a symmetric breathing mode (always of A grtype
symmetry) and a pairwise mode (of varying symmetry depend-
ing on the specific structure).

Figure 9 indicates how the character of these normal modes
changes when the core symmetry is changed. In the ca3e of
which has equivalent CtO bond lengths, the normal modes
agree closely with the idealized breathing and pairwise vibrations
in Figure 8. More specifically, the breathing mode (top) involves
simultaneous motion of all four rhomb atoms in and out along
the vectors connecting them to the center of the rhomb, while
the pairwise (bottom) mode involves primarily side-to-side
motions of the oxygen atoms and has little contribution from
copper. We emphasize that the motion of the oxygen atoms is
either parallel to the coppercopper vector (pairwise mode) or
perpendicular to it (breathing mode). In the very asymmetric
case of5, on the other hand, the motions of the oxygen atoms
in each mode have effectively been rotated by abotit Abus,
the high-frequency mode (top) essentially consists of the
symmetric stretching of the shorter €0 bonds (with the
longer Cu—-O bonds showing little variation), while the low
frequency mode (bottom) stretches only the longerOwonds
(with the shorter Ct-O bonds showing little variation). Model
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system4 shows slight asymmetry in the rhomb, and the normal theoretical model most closely related to these two, the oxygen
modes are intermediate between the two extremes illustratedisotope effecis predicted to be smaller for the pairwise mode
for 3 and5 (see Supporting Information for details). In general, than for the breathing mode, but only by 4.4¢hmot as much

it seems likely that a continuum exists between the high- and as the ~16 cnt! observed in the experimental systems.
low-symmetry extremes, and the position of any given system Comparison to the other theoretical models suggests, however,
along that continuum will be strongly influenced by the nature that this too is an observable that is very sensitive to ligand
of the ligands. participation in the normal mode and/or environmental effects.

Although the observed breathing mode predictedfisr50— In 3 the isotope effect is also predicted to be smaller for the
60 cnT! less than the experimental value for compounds with Pairwise mode than for the breathing modeliand6 there is
TACN ligands, the isotope shift of 23 crhis quantitatively ~ Predicted to be no difference, and ihthe isotope effect is
reproduced. This illustrates that, particularly for such low- Predicted to bdarger for the pairwise mode. Thus, as in the
frequency modes, one should exercise caution in comparing theexperimental results, there is variable ligand coupling with the
absolute values from simple, gas-phase theoretical models tocore modes which is difficult to generalize.
experimental systems involving more complex ligands, coun- ~Resonance Raman intensities are proportional to the square
terions, and condensed-phase effects. Withdhigatin mind, of the normal mode displacements required to convert from the
however, we now compare various aspects of the theoreticalground- to excited-state structufeln an effort to rationalize
models one to another in order to understand specific changesthe experimentally observed RR intensities for the pairwise and
occurring for different choices of ligand environments. We note Préathing modes in asymmetric bidentate dicopper complexes
that for the theoretical and experimental structures that are most(Where both are active), we expressed the difference in the
closely comparable, namelyand [(ArPYNE$),Cup(u-0)]2*, equn_lbnum structures for tnple;ti and grou_nd-state (singled)
the predicted and observed frequencies are, respectively, 56ePbtained as described above, in the basis of the normal modes
and 584 cm for the pairwise mode and 599 and 607 drfor of the latter. Least-squares fitting indicates that the breathing

the breathing mode, which is reasonably good agreement given@Nd pairwise mode eigenvectors (expressed in mass-scaled

respectively, suggesting that roughly equal intensities might be

. . ; - ; expected for these modes in a RR experiment. The standard
A comparison ofl to 6, in which the coordination number is error from the fit is large, however, at 0.16 and 0.17,

changed using the same type of ligand, indicates that (a) force . . h
: : : respectively. Thus, operating under the assumption that the
constants in the rhomb are larger in the bidentate case, (b) the .
: o airmi eometry of the lowest-energy triplet well represents the open-
freque_ncy of the b_reathlng mode is similar to the _frequency of ghell sinélet which is accessgé/ byplong-waveriength uv abs%rp-
the pairwise mode in each system, and (c) oxygen isotope effects, ) -
on either mode in either system are nearly equivalent. Point (a)tlon _gmd has thtef s?rr:]e S?at'atlh etkterc]:tronl_c ;ymm((ajtrg, tt:ﬁ_ory
indicates that the lower frequencies observed for tridentate rr;rogl es EUdeorh c\)/r einrw]icl) I?r:nti itie pa}gwss anX ;ﬁﬁ‘ nltng
ligands vs bidentate ligands are indeed ascribable to out-of-ngg\S/ef (i)tu is na(‘)tepzssiglle toe pSrO\?iZe more E(E]ugentita?iv:.
plane distortions of equatorial ligands @the Nog—Cu—O— . ’ : " -
Cu dihedral angle is 168 6while in 1 it is 179.6)8® and/or esg?rite:rizfo;h&s;In(t;?OS;tzl]ii Eﬁlitgest)oaﬁge[l\?g o(ltlrlt(ejr).zln+
coordination number effects. Thus, the theoretical results support(n _ 1 2) Cores Theez[FQ(,u 0) ]2+3: cores of a serzies of model
S ) ) N =3, ; -0),]2+
iggggf;g:;o bonding in the cores with a lower-coordinate compounds with tris(2-pyridylmethyl)amine (TPA) capping
, ' ) L , ligands have been examined in detail, structurally by EXAFS,
Point (b) does not imply that an asymmetric ligand environ- .oy crystallography®46 and theoretical calculatiorf,and
ment is necessary forS|gn|f|cantd|fferences in energy bet""eenvibrationally by resonance Raman spectrosc¥pyhe best-
the pairwise and breathing modes, becauss, im which the g jieq F#l Fé¥ compound has a valence-delocalized core, with
nitrogen lone pairs are equivalent and the symmetry is identical 5p, equivalent iron atom bearing a formal charge-8f51027
to 1, the energy difference between the two modes is Zo.gicm Intriguingly, the structures of e and F&'FeV complexes have
This latter difference is similar to tt;at found & 17.0 cm, asymmetric cores with two longer £© bonds and two shorter
where both nitrogen ligands donate’ $pne pairs of dlfferelnt Fe—O bonds, disposed in a pairwise fashion with the long bonds
Lewis basicity, and smaller than that found #r33.0 e, across from each other (similar to those of the lowest structures
where one nitrogen ligand donates aflspe pair and the other  shqn in Figure 9). Because there is an amine trans to one oxo
an _sp'i lone pair. In the Ilm!t of a highly asymmetric ligand bridge and a pyridine trans to the other oxo bridge ipFk-
environment, as present & it no longer makes sense to refer (o) 10+ this distortion may be related to the trans influences
to breathing and pairwise modes, as already noted above, Sincg he two different kinds of nitrogen donors. Only one of the
the bond stretching modes are effectively localized. Thus it is Ag Fe—O bond stretching modes (Figure 8) had a large
difficult to deconvolute the effect of_ asymmetric ligands on the intensity in the RR spectrum, and single isotopic labeling was
frequencies of the breathing and pairwise modes from the changeyore consistent with its assignment as a mode like the pairwise
in localization of these normal modes, and it is not possible t0 \,54e in the copper system described abBvdowever, it is
draw a simple correlation between the difference between theimportant to note that the ground-state asymmetry of these [Fe
two core frequencies and the asymmetry of the ligand environ- (u-O)]™ cores Aree o ~ 0.06 AP10 probably changes the
ment. . . . nature of the vibrations labeled “breathing” and “pairwise”
With respect to isotope shifts, point (c), the computed values above such that they correspond to stretching the stronger and
fo_r the breathing mod_es di—5 ar.e in very good agreement (45) (a) Johnson, B. B.; Peticolas, W.Annu. Re. Phys. Chem1976
with values observed in the experimental systems, for the most 27, 465-491. (b) Warshel, AAnnu. Re. Biophys. Bioengl977, 6, 273—
part covering a range of 2829 cm ™. In the two experimental ~ 300. (c) Clark, R. J. H.; Stewart, Btruct. Bond1979 36, 1—80.
cases where the pairwise mode is observed, the measured isotop&é“@hirr‘r?”gbgggéaggiY2-?22D6°_”292'3\g-? Young, V. G., Jr.; Que, L., dIr.
effect is considerably smaller: 14 cthfor [(ArPyNEt),Cuy- (47) Ghosh, A.; AImié, J.: Que, L., JrAngew. Chem., Int. Ed. Engl.
(u-0)2)%" and 11 cm? for [(Py|Phe}Cup(u-O),]%*. For 4, the 1996 35, 770-772.

First, we consider the effects of bidentate vs tridentate ligands.




RR Spectroscopy of the Bis¢xo)dicopper Core

weaker pairs of FeO bonds, like the modes for theoretical
model5 in Figure 9. Finally, it is noteworthy that the frequencies

J. Am. Chem. Soc., Vol. 122, No. 5, 2@

enhancement. The observation of this second core vibration,
and the agreement with theoretical results, strengthen these

of the core vibrations in the copper compounds described aboveassignments. Further, a systematic theoretical study of the effect

are more than 60 cnt lower than those in the iron compounds,
perhaps reflecting a difference in bond strengths.

Dinuclear manganese compounds with high-valentjn
O),]™* cores are much more thermally stable than their iron

of the electronic properties of the capping ligands presented
here has enabled us to (a) examine the structural and vibrational
effects of gradually destroying ligand symmetry, (b) make a
preliminary investigation into excited-state distortions of the

and copper analogues and have consequently been characterizezbre, and (c) determine that the increase ir-Ouorce constant

more often by X-ray crystallograptyThe [Mny(u-O);]** core
containing two MW ions is usually symmetric with nearly
equivalent Mr-O bond lengths and thus is comparable to the
symmetric bis¢-oxo)dicopper compounds above (idealifzg
symmetry). In the only report we know of RR spectra for a
compound containing this MYy core, one intense polarized
oxygen-isotope sensitive band was observed at 693! ém
[(Pbz)sMn(u-O)y]*t (bpz= 2-(2-pyridyl)benzimidazole?® Its
assignment as thegbreathing mode is directly analogous to
the assignment of the major band in the TACN-cappedubis(
oxo)dicopper complexes.

with lower coordination number can be rationalized without
including solvent or environmental factors. Finally, a simple
group-theory analysis of the cores rationalizes the number of
bands observed in RR spectra of pig(xo)dimetal complexes

of copper, iron, and manganese, showing that similar principles
can be used to understand a variety of cores. Such ideas will
be useful in the application of resonance Raman spectroscopy
to biological systems that may contain a pisxo)dimetal unit.

Experimental Section

Resonance Raman spectroscopy has also been applied to General Considerations.Tetramethyl-1,3-propanediamine was de-

compounds with mixed valence [Mi-O),]®" cores in an
attempt to discern a spectroscopic signature for potential
intermediates in catalase and the oxygen-evolving complex of
photosystem [#426 Interestingly, up to four oxygen-isotope
sensitive vibrations were present in the spectra ofaN(u-
0),]3" in the range 558700 cnt? (L = pbz, bpy, phenj® Why
were there more vibrations than in the analogous(fF®),]*"
complex? The key is that these MKIn'"Y bis(u-0x0) complexes,
unlike the F8'FeV bis(u-oxo) complex described above, are
valence-localized. Thus, the symmetry is lowered fiog to

C,, and all four core stretching vibrations are Raman-allowed
(Figure 8), although one would expect only the two totally
symmetric A vibrations to acquire substantial RR intensity.

Clearly, more data are necessary to understand the vibration§S

of these complicated, yet interesting, his{xo)dimanganese
clusters.

Conclusions

In addition to assigning several peaks in the 5000 cnr?
region of the resonance Raman spectra of triazacyclononane
supported big(-oxo)dicopper complexes, this work firmly

establishes that the presence of a characteristic vibration nea

600 cnr! is common to all known complexes containing the
[Cux(u-O),)?" core. Several independent pieces of evidence now
support its assignment as thg-fymmetry breathing mode.
First, the sensitivity of the feature #O-substitution proves
that it involves the bridging oxo groups, although the small
magnitude of some of the shifts implicates mixing with-&\i

or ligand vibrations. The resonance enhancement observed upo
irradiation into the intense charge-transfer absorption band
further corroborates attribution of both the YVis and*O-
sensitive RR features to the [gu-0),]>" core. The~600 cnt?

Raman feature is polarized and greatly enhanced by the

resonance effect, consistent with its being due to a totally
symmetric A mode.

With none of the symmetric ligands is it possible to see the
By pairwise core vibration, because it is not subjecAtterm

gassed and dried over activdt® A sieves. The syntheses of the copper-
() complexes used here have been described in earlier
publications!31416.19220,22,23.2932 .- BnaTACN)Cu(NCMe)](CIQ)) was
synthesized in a fashion analogous to that reported fors[{BE&N)-
Cu(NCMe)](CIQy).1® The dx-benzyl chloride was synthesized by
reduction of benzoic acid with lithium aluminum deuteride, reaction
of the resultant-benzyl alcohol with thionyl chloride, and vacuum
distillation. Deuteration of the ligand was verified by GC/MS dhtl
NMR spectroscopy. Copper(l) complexes were handled under a nitrogen
atmosphere. Samples usitf@, were prepared by bubbling dioxygen
through a solution of the copper(l) complex+50 mg in 0.3-1 mL
solvent) in a 10-mL Schlenk tube at80°C. Samples witH%0, were
prepared by condensing roughly 10 mL'#®, gas (Cambridge or Icon,
95-98%) into a 10-mL Schlenk flask containing a frozen (77 K)
olution of the copper(l) compound, followed by warming-+t80 °C
10—15 min.

Resonance Raman SpectroscopfResonance Raman spectra were
collected on a Spex 1403 double spectrometer interfaced with a Spex
DM3000 data system, or on an Acton 506 spectrometer using a
Princeton Instruments LN/CCD-1100-PB/UVAR detector and ST-1385
controller interfaced with Winspec software. A Spectra-Physics 2030
15 argon ion laser with a power of roughly 40 mW at the sample was
employed to give the excitation at 514.5 or 457.9 nm. The spectra were
obtained at 77 K using a 13®ackscattering geometry. Samples were
frozen onto a gold-plated copper coldfinger in thermal contact with a
Dewar flask containing liquid nitrogen. Intensities reported in the
excitation profile of [(1-'PTACN).Cuy(u-O),](PFs). were corrected
for spectral response of the spectrometer ghdependence by using
the intensity of the acetone solvent peak at 797 cas an internal
standard® Depolarization ratios (on-resonancelat= 406.7 nm) and
the excitation profile of (+NO,PhPyNE$),Cuy(u-O).](SbFs). were
fetermined in acetone solution &80 °C, and the decomposition
kinetics of [(PhPYNE).Cw(u-O),](SbFs). at —70 °C. The low tem-
perature was achieved in a homemade cryostat in which a spinning
NMR sample tube was cooled by liquid nitrogen boil off and was
maintained tat1 °C by an in-line resistive heater whose current was
controlled by a PID temperature controller. Samples were illuminated
in a 135 backscattering geometry. Intensities were calibrated to the
large acetone peak as described above. The instrumentation used for
scattered light collection, filtering, dispersion, and detection for these
experiments has been described elsewffere.

or

resonance enhancement. Although an overtone of the pairwise Many of the frequency values in Table 1 are roughly 10 Elawer

mode disclosed the frequency of this vibration in a symmetric
(u-n?%n?-peroxo)dicopper(ll) comple® our attempts to locate
totally symmetric overtones of thegBore vibrations in RR
spectra of symmetric bigfoxo)dicopper complexes have failed.
However, when ligands with two different kinds of nitrogen

than those originally reportéd?314.1620.293i the earlier studies, internal
solvent bands of THF, acetone, and £ were calibrated to literature

(48) Gardiner, D. J. IfPractical Raman Spectroscop@ardiner, D. J.,
Graves, P. R., Eds.; Springer-Verlag: Heidelberg, 1989; p 11.
(49) Lukat-Rodgers, G. S.; Rodgers, K.Blochemistryl997, 36, 4178-

donors are used, the pairwise vibration acquires resonance4187.
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value$® of 680, 806, and 710 cm, respectively. However, we
subsequently found that these values for liquid samplesatr@ccurate

Holland et al.

Table 5. Calculated Fregencies BPW91/pVDZ for the Bare
[Cu(u-O).)?t Core ()

for frozen solvents: calibration to emission lines from an Hg lamp symmetry 160, (cm™Y) 180, (cmY) shift (cnm?)
shows that these solvent bands shift to 667 ¢(fiHF), 797 (acetone),

and 702 (CHCI,) as frozen solids at 77 K. The accuracy of the latter Ag 154.3 153.2 11
calibration method has been confirmed by means of the tabulated Su ggig é?gg 12?6
frequencies of solid SO, (984 cnt?) and liquid indené! and we Bl“ 376.9 359.0 179
believe that spectra calibrated to these new solvent values are B39 403.6 385.3 18.3
trustworthy to &1 cnr’. Older spectra have been corrected by Azu 546.7 5192 275

retabulating spectra using the correct frozen solvent peak frequencies

as areference, and the frequencies here should be used in place of thfaye aD,, rhomb structur&® The NIPES spectrum reveals a
earlier values. In new spectra using the CCD system, Raman Shiﬂstotally symmetric normal mode of 63@& 30 cnt?, in fair

were referenced internally to the solvent features described abO\'.e'agreement with computation (these authors note that the normal
Spectra in pixel units were converted to frequency units by a quadratic .
fit of pixels to several peaks in the known spectrum of indene, followed modes for7 are very anhqrmonlc).
by a spectral shift to give accurate frequencies for the solvent band _ 1€ Ay bending mode is the lowest frequency mode Tor
(this correction was always less than 6 &n The small sensitivity to isotope substitution confirms that this
Synthesis and Characterization of [(MeN(CH2)sNMez)Cu(NCMe)J- mode involves little CtO stretching. Additionally, analysis
(SbFes). A solution of tetramethyl-1,3-propanediamine (27 mg, 0.21 of the normal modes fol—6 indicates that this bending mode
mmol) in THF (1 mL) was added to a solution of [Cu(NCM¢$bFR;) is heavily mixed with low-frequency ligand motions, so that it
(96 mg, 0.21 mmol) in 4:1 THF/acetonitrile (2 mL). Addition of diethyl  does not complicate the Raman analysis presented above.
ether (10 mL) and cooling te-30 °C for 1 d gave the product as an Finally, we wish to point out that the nature of the twg A
analytically pure white powder (82 mg, 83%H NMR (acetoneds, modes in the big(-oxo)dicopper core is quite different from
E?H?CHﬁgézzﬁl;;gmé ib'v('ng,CH,\jigﬁHiNghgefzﬁ 225?\4SC|1—|222A:§ the situation previously described for isomegierf:,/%-peroxo)-
CHoNMe) ppm. BC NMR (aéetbnaie, 300 MHZ): 51175 (MeCN), dlcopper core4d In the peroxo compound, thegﬂpreathlng
63.0 (MeNCH;CH,CH,NMey), 48.5 MeNCH,CH,CHNMe), 22.9 mode_ls at lower frequency becaqse@ bonding is weaker.
(Me:NCH,CH,CH.NMe»), 1.2 (MeCN) ppm. Anal. Calcd for ElzNaFe- More importantly, because there is ar-O bond, the other A
CuSh: C, 23.03: H, 4.51: N, 8.96. Found: C, 23.06: H, 4.54: N, 8.90. mode corresponds not to a rhomb bending motion, but rather
Computational Methods. Raman spectra were calculated under the 10 an OG-0 stretching motion that has a much higher frequency
harmonic-oscillator rigid-rotator approximation for singlet pis(xo)- (~750 cn1l). As might be expected, this gives small isotope
dicopper compound$—6 optimized at the density functional level of  effects for the breathing mode but very large ones for thedO
theory employing the polarized valence doublépVDZ) basis set of  stretching mode. These points serve to emphasize the difference
between the vibrational characteristics of the two isomeric cores;
caution should be exercised in comparing one case to the other

Schafer et a¥? The gradient-corrected functionals of Betkand of
Perdew and Wart§(BPW91) were used for exchange and correlation,

given their substantially different geometric and electronic
structures.

respectively. All structures were characterized by positive definite
Hessian matrixes. Configuration interaction calculations including all
single excitations from a restricted Hartreléock referenc® were
carried out for2 to establish the nature of the allowed electronic
transition observed at long wavelength by UV spectroscopy. Optimiza-
tion of the triplet state oR having the same spatial symmetry as the
excited singlet state was also accomplished at the BPW91/pVDZ level.
The geometric difference between ground-state (singlet)d triplet

2 was analyzed by using the normal modes of ground-&tatea basis,
with displacement coefficients determined from multilinear regression.
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symmetry in theDa, point group) have primarily bending
character and are expected to have much lower frequencies. To While this paper was under review, a complementary work
illustrate this point, Table 5 lists all six normal-mode frequencies appeared: Henson, M. J.; Mukherjee, P.; Root, D. E.; Stack,
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180 substitution are also provided in Table 5. The singlet ground ) _ )

state of7 has been observed in the gas phase by negative ion Supporting Information Available: Tables of resonance

photoelectron spectroscopy (NIPES) and has been assigned tdaman spectral data, description of experiments with partially
isotopically labeled complexes, the decomposition kinetics of

[(PhPYNE}),Cuy(u-0),](SbFs)2 as measured by RR spectros-
copy, coordinates for the optimized structureslef7, and a
diagram of the core normal modes #-5. This material is
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