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This study focuses on the geometric (molecular) structures, spectroscopic properties, and electronic structures of
copper(Il)—-nitrito complexes as a function of second coordination sphere effects using a set of closely related
coligands. With anionic hydrotris(pyrazolyl)borate ligands, one nitrite is bound to copper(ll). Depending on the
steric demand of the coligand, the coordination mode is either symmetric or asymmetric bidentate, which leads to
different ground states of the resulting complexes as evident from EPR spectroscopy. The vibrational spectra of
these compounds are assigned using isotope substitution and DFT calculations. The results demonstrate that
vsym(N—0) occurs at higher energy than vasm(N—0), which is different from the literature assignments for related
compounds. UV-vis absorption and MCD spectra are presented and analyzed with the help of TD-DFT calculations.
The principal binding modes of nitrite to Cu(ll) and Cu(l) are also investigated applying DFT. Using a neutral
tris(pyrazolyl)methane ligand, two nitrite ligands are bound to copper. In this case, a very unusual binding mode
is observed where one nitrite is #*-O and the other one is #'-N bound. This allows to study the properties of
coordinated nitrite as a function of binding mode in one complex. The N-coordination mode is easily identified from
vibrational spectroscopy, where N-bound nitrite shows a large shift of vagm(N—0) to >1400 cm™?, which is a unique
spectroscopic feature. The optical spectra of this compound exhibit an intense band around 300 nm, which might
be attributable to a nitrite to Cu(ll) CT transition. Finally, using a bidentate neutral bis(pyrazolyl)methane ligand,
two #*-O coordinated nitrite ligands are observed. The vibrational and optical (UV—vis and MCD) spectra of this
compound are presented and analyzed.

Introduction are located at each of the interfaces of two subunits of the

Copper(Il)-nitrite complexes are relevant for the copper €nNzyme. In the oxidized form, the type 2 centers are
nitrite reductase (CuNIR) class of enzymes that are part of tetrahedrally coordinated by three histidines and a W:_:\ter
the biological denitrification proceds? These enzymes are Molecule? The fact that the type 2 centers are the location
homotrimers where the catalytically active type 2 centers Of catalytic activity is evident from type 2 depleted enzyme,
which does not show any NIR activityCorrespondingly,
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Properties of Copper(Il}-Nitrito Complexes

Chart 1.

Different Binding Modes of Nitrite

show N-coordinated nitrite, which, upon addition of acid,

/0 /0\ generate NO and waté&rFrom crystallography, the observed
M—N M\ /N Cu—N(nitrite) distance is 1.90 A These findings again
\o ] support the mechanism proposed by Averill (see also ref 12).
NN -0,0 /C‘? However, new crystallographic results have surprisingly
A c M;--N indicated different binding modes of nitrite and nitric oxide
N/O \é to the copper type 2 center in CuNIR than previously
(/N\o ~ 3 assumed?® In contrast to the model complex studies, the
M— M| n ssumed: i
\o E nitrite ion is bound with its oxygen atoms to the copper(l)
| type 2 center, which is in agreement with the Suzuki
n-0 7-N,0 . .o .
B D mechanism. However, the binding mode of nitrite seems to

be tridentate including a weak €N interaction. In addition,
formation of a Cu(ll}-nitrito complex?*467Note thatzn?- the crystal structure of the resulting formal Cu@iNO
0,0 bonding is also observed for almost all corresponding enzyme-product complex was also obtained showing an
copper(ll) model complexes (vide infra). Two different unprecedented side-on coordination mode of nitric oxide to
molecular mechanisms have been proposed for CuNIR.the copper(ll) center.
Initially, Averill and co-workers postulated a molecular Based on these results, the relevant species that need to
mechanism similar to that of heme jcditrite reductasé, be considered in model complex studies are Cufhijrite,
where nitrite binds to the reduced Cu(l) form of the type 2 Cu(l)—nitrite, Cu(l)-NO, and Cu(Il}>NO compounds. In
center via its N-atom. On the basis of crystallographic results general, of these four species only the Cufhjtrite
revealing potential hydrogen bonding amino acid residues complexes are stable. Hence, a number of corresponding
in close proximity of the type 2 center, an alternative model complexes has been synthesized as listed in ref 2.
mechanism has been proposed by Suzuki and co-wofkers. These compounds show mono- or bidentate coordination of
In this case, nitrite binding is proposed to the oxidized nitrite to the copper center via its oxygen atom(s). This
copper(ll) form, i.e., the initial electron transfer takes place corresponds to the binding modes B and C in Chart 1. A
after nitrite coordination. The obtained Cu(Hiitrito species few Cu(ll)—nitrito complexes with hydrotris(pyrazolyl)borate
is stabilized by hydrogen bridges to protein side chains. This ligands have been characterized by X-ray crystallography
form has also been structurally characterized as describedshowing either a symmetric or asymmetycO,O coordina-
above. This mechanism is supported by recent studies wherdion mode of the N@ ligand depending on the pyrazolyl
it was shown that nitrite coordination to the oxidized copper substituent$*°Importantly, these compounds do not support
type 2 center increases the redox potential of the site, whichnitric oxide formation from nitrite. Cu(Ih-nitrito complexes
would trigger electron transf@rOn the other hand, site-  with tris(2-pyridylmethyl)amine (TMPA) as coligand show
directed mutagenesis experiments of Asp92 to a nonionizablean interesting solvent-induced interconversion betwgel
Asn residue leads to a mutant that has 60% activity of the bound nitrite obtained when recrystallized in water, whereas
wild-type enzymé? Hence, this questions the critical role usage of methanol for recrystallization yields an asymmetric
of Asp92 in the proposed mechanism. Finally, mononuclear #2-O,0 coordination mod#
Cu(l)—nitrite model complexes using the TACN coligand

(1,4,7-triazacyclononane) studied by Tolman and co-workers O_I + o, BE
(TMPA)CU"—N ~—— (MPACS"” N
(4) (a) Godden, J. W.; Turley, S.; Teller, D. C.; Adman, E. T.; Liu, M. % o

Y.; Payne, W. J.; LeGall, Bciencel991 253 438. (b) Adaman, E.
T.; Godden, J. W.; Turley, Sl. Biol. Chem.1995 270, 27458. (c)
Murphy, M. E. P.; Turley, S.; Kukimoto, M.; Nishiyama, M.;
Horinouchi, S.; Sasaki, H.; Tanokura, M.; Adman, EBlochemistry
1995 34, 12107. (d) Murphy, M. E. P.; Turley, S.; Adman, E. .
Biol. Chem1997, 45, 28455. (e) Dodd, F. E.; Van Beeumen, J.; Eady,
R. R.; Hasnain, S. SJ. Mol. Biol. 1998 282 369. (f) Inoue, T.;
Gotowda, M.; Deligeer Kataoka, M.; Yamaguchi, K.; Suzuki, S.;
Watanabe, H.; Gohow, M.; Kai, YJ. Biochem1998 124, 876.

(5) Libby, E.; Averill, B. A. Biochim. Biophys. Res. Commui®92 187,
1529.

(6) (a) Strange, R. W.; Dodd, F. E.; Abraham, Z. H. L.; Grossmann, J. (11) (a) Halfen, J. A.; Mahapatra, S.; Olmstead, M. M.; Tolman, WJ.B.
G.; Briser, T.; Eady, R. R.; Smith, B. E.; Hasnain, SN&t. Struct. Am. Chem. Sod.994 116, 2173. (b) Halfen, J. A.; Tolman, W. B.
Biol. 1995 2, 287. (b) Howes, B. D.; Abraham, Z. H. L.; Lowe, D. Am. Chem. Socl994 116, 5475. (c) Halfen, J. A.; Mahapatra, S.;
J.; Briser, T.; Eady, R. R.; Smith, D. Biochemistryl994 33, 3171. Wilkinson, E. C.; Gengenbach, A. J.; Young, V. G., Jr.; Que, L., Jr,;

(7) Tocheva, E. I.; Rosell, F. I.; Mauk, A. G.; Murphy, M. E. $cience Tolman, W. B.J. Am. Chem. S0d.996 118 763. (d) Kujime, M.;
2004 304, 867—870. Fujii, H. Angew. Chem2006 118 1107.

(8) Kataoka, K.; Furusawa, H.; Takagi, K.; Yamaguchi, K.; Suzuki].S. (12) Yokoyama, H.; Yamaguchi, K.; Sugimoto, M.; SuzukiEsr. J. Inorg.
Biochem.200Q 127, 345. Chem.2005 1435.

(9) (a) Veselov, A.; Olesen, K.; Sienkiewicz, A.; Shapleigh, J. P.; Scholes, (13) Antonyuk, S. V.; Strang, R. W.; Sawers, G.; Eady, R. R.; Hasnain, S.
C. P.Biochemistry1998 37, 6095. (b) Olesen, K.; Veselov, A.; Zhao, S. Proc. Natl. Acad. Sci. U.S./£2005 102 12041.
Y.; Wang, Y.; Danner, B.; Scholes, C. P.; Shapleigh, BiBchemistry (14) Schneider, J. L.; Carrier, S. M.; Ruggiero, C. E.; Young, V. G., Jr.;
1998 37, 6086. (c) Strange, R. W.; Murphy, L. M.; Dodd, F. E.; Tolman, W. B.J. Am. Chem. S0d.998 120, 11408-11418.
Abraham, Z. H. L.; Eady, R. R.; Smith, B. E.; Hasnain, SJSMol. (15) Tolman, W. B.Inorg. Chem.1991, 30, 4877-4880.
Biol. 1999 287, 1001. (16) Komeda, N.; Nagao, H.; Kushi, Y.; Adachi, G.; Suzuki, M.; Uehara,

(10) Prudecio, M.; Eady, R. R.; Sawers, ®iochem. J2001, 353 259. A.; Tanaka, K.Bull. Chem. Soc. Jpri995 68, 581.

N-coordinated nitrite to copper(ll) is very rare, and the
potential differences in electronic structure between the N-
and O-bound isomers have not been analyzed yet.

So far, the detailed evaluation of second coordination
sphere effects on the properties of copper nitrite and nitric
oxide complexes were mostly limited on Cufhitrosyls and
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anionic hydrotris(pyrazolyl)borate ligands!’In this paper, mixed solvent as eluent. After collection of the corresponding
tripodal substituted tris(pyrazolyl)methane)(and hydrotris- fractions, the solvent was removed under vacuum to yield a white
(pyrazolyl)borate (L), and dipodal bis(pyrazolyl)methane Powder. Recrystallization from acetonitrile-a80 °C gave colorless
(L") ligands are applied to investigate the effect of (a) the crystals (6.63 g, 20.9 mmol, 71% yield}d NMR (600 MHz,
total charge of the ligands (neutral it &nd anionic in L), CDCl): 0 (ppm) 6.22 (s, 2HHC), 5.85 (s, 2H, 4(pz)), 3.40

o . (sept,Juy= 6.9 Hz, 2H, GH(CHs),), 2.90 (septJyn= 6.9 Hz, 2H,
(b) the coordination number of the ligands (three Inahd CH(CHs)2), 1.22 (d.Ji= 6.8 Hz, 12H, CH(Ea),), 1.04 (d Jupi=

two in L"), and (c) the nature of the' pyrazolyl'substituents, 6.8 Hz, 12H, CH(®l),). °C NMR (150 MHz, CDCH): 6 (ppm)
on the structures and spectroscopic properties of Cu(ll) 1553 (5C (p2)), 1515 (3€ (pz)), 99.7 (4€ (p2)), 62.1 (HC),
nitrito complexes. Crystal structures for nitrito complexes 27.8 CH(CH,),), 24.9 CH(CHs),), 23.1 (CHCH2),), 22.8 (CH-
with each type of ligand are presented. The electronic (CHs),). FT-IR (KBr, cnml): 1549 »(CN). Anal. Calcd for
structures of the compounds are investigated using vibrationalCygHs,N4: C, 72.11; H, 10.19; N, 17.70. Found: C, C, 72.11; H,
(IR and resonance Raman) and electronic (& absorp- 9.80; N, 17.74.

tion and magnetic circular dichroism (MCD)) spectroscopies  [Cu(L1)(#?>ONO)] (1). To a solution of [Cu(L1)CR*(0.502 g,
coupled to DFT calculations. This way, second coordination 0.888 mmol) in dichloromethane (20 émwas added NaN©
sphere effects in this class of compounds are analyzed in(0-0685 g, 0.993 mmol) dissolved in methanol (1%nThe color

detail. of the solution gradually turned to green, and a small amount of
white solid precipitated. After having been stirred for 1 h, the
Experimental and Computational Procedures solvent was removed under vacuum. The residue was extracted with

. . ) dichloromethane, and undissolved powder was filtered off using
General Materials. Preparation and handling of all complexes  cejite, The filtrate was evaporated under reduced pressure to give

were performed under an argon atmosphere by employing standard, green solid. Recrystallization from acetonitrile-830 °C gave
Schlenk line techniques or a glovebox. Dichloromethane and green crystals (0.245 g, 48%). Single crystals suitable for X-ray
acetonitorile were distilled from s and CaH prior to use, diffraction were obtained by slow recrystallization from dichlo-
respectively. Diethyl ether and heptane were carefully purified by omethane/ether at30 °C. EPR (dichloromethane/1,2-dichloro-
refluxing/distilling under an argon atmosphere over sodium ben- gthane 140 K)gs 2.32, Ay 129 G, gy 2.10. Anal. Calcd for
zophenone kety¥? Ethanol, methanol, and acetone were spectro- ¢, .N.-BCuO,: C, 56.39; H, 8.06; N, 17.05. Found: C, 56.57:
scopic grade and were used after bubbling with argon gasNda H, 8.33: N, 16.95.
was purchased from Cambridge Isotope Laboratories, Inc. Other [Cu(L3)(72-ONO)] (2). The preparation of was carried out

reagents were used without further purification unless otherwise by the same method as that fbusing [Cu(L3)CIFS (0.267 g, 0.439
noteq. KLL ELEO N ’I-IB(3,,5_-|-Pr2pz)3’?,19 KL3 (2L137 = HB(3+- mmol) and NaNQ@ (0.0350 g, 0.507 mmol). Recrystallization from
BU’S*'ZPZ)B )2 L1 (L1 = I:g(3,51-Pr2pz)3), and [Cu(L3)- dichloromethane/ether at30 °C gave brown crystals (0.182 g,
(NO3)J,*2 and [Cu(L1)(NO;);]*** were prepared as previously  g7o4y single crystals suitable for X-ray diffraction were obtained
reported. by slow recrystallization from a dichloromethane/ether solution at

Syntheses. HC(3,54-Przpz), (L1"). The ligand L1 was room temperature. EPR (dichloromethane/1,2-dichloroethane, 140
synthesized by a modified method from ref 23. Dichloromethane K) gy 2.18,g; 2.03,A, 116 G. Anal. Calcd for GHsN/BCUO;:

(130 cn¥) was added to a mixture of 3,5-diisopropylpyrazd(8.03 C 58.39: H. 8.49: N. 15.89. Found: C.57.78: H. 8.35: N. 15.71.
g, 40 mmol), potassium carbonate (35.0'g), and tetrabutylammonium [CU(L1)(*NO,)] and [Cu(L3)(}NO,)]. Each®N labeled com-
hydrogensulfate (2.50 g),.and the solution was bubbled with argon plex was prepared by the same method as the corresponding
gas for 15 min. This solution was then heated and gently refluxed unlabeled complex using NO,.

for 7 days in an autoclave (the inner temperatufiel 5°C). During [CU(L1)(7-ONO)(5-NO)] (3). The preparation of3 was

th? tr_eactlon tlrlle cgkt)r of ltrt'e solut|ton turn(ted darkd lt)r:ovyn. ;”t])(le carried out by the same method as that¥arsing [Cu(L1)Cl,]?*2
solution was allowed to cool to room temperature, and the insoluble , 155" 4 " 263 mmol) and NaNQ(0.0425 g, 0.616 mmol).

material was filtered and washed with acetone. The solution was Recrystallization from chloroform at30 °C gave green crystals

dried in vacuo. The remaining brown oil was dissolved in a 1:2 (0.245 g, 48%). EPR (dichloromethane/1,2-dichloroethane,

mxiure of d"ﬁthg" ethe_rll.hexar:e f30 ém .Th'tsh S‘i',‘;'ot?] Ve 140 K) g 2.31,A) 146 G,g; 2.10. Anal. Calod for GHioNe-
chromatographed on a stlica gel column using the 1.2 etherinexan€c, .- "¢, 51.40; H, 7.09; N, 17.13. Found: C, 51.38; H, 7.15; N,

(17) Ruggiero, C. E.; Carrier, S. M.; Antholine, W. E.; Whittaker, J. W.; 17.09. . . ;
Cramer, C. J.; Tolman, W. Bl. Am. Chem. Sod.993 115 11285. [Cu(L1")(37'-ONO);] (4). To a solution of [Cu(L1)Cl;]?¢ (0.253

(18) Armarego, W. L. F.; Perrin, D. DPurification of Laboratory g, 0.577 mmol) in dichloromethane (25 #nhwas added NaN©
Chemicals 4th ed.; Butterworth-Heinemann: Oxford, 1997. (0.082 g, 1.19 mmol) dissolved in methanol (15%mThe color

(19) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto, ) - ) .
S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.: Nakamura, A. Am. of the solution gradually turned to deep green. After having been
Chem. Socl1992 114, 1277. stirred for 1 h, the solvent was removed under vacuum. The residue

(20) Imai, S.; Fujisawa, K.; Kobayashi, T., Shirasawa, N.; Fuji, H.; \as extracted with dichloromethane, and undissolved powder was
gggglrgg%.r, Kitajima, N.; Moro-oka, Yinorg. Chem.1998 37, filtered off using Celite. The solution was then concentrated by

(21) (a) Fujisawa, K.; Ono, T.; Aoki, H.; Ishikawa, Y.; Miyashita, Y.;  removal of solvent under reduced pressure. Recrystallization from
Okamoto, K.; Nakazawa, H.; Higashimura, IHorg. Chem. Commun.  dichloromethane/heptane-aB0 °C gave deep green crystals (0.201

2004 7, 330-332. (b) Fujisawa, K.; Ono, T.; Ishikawa, Y.; Amir, O \si ; ; B ; ;
N.. Miyashita, Y.: Okamoto, K.. Lehnert, Nnorg. Chem 2006 45, g, 74% yield). Single crystals suitable for X-ray diffraction were

1698-1713.
(22) Fujisawa, K.; Kobayashi, T.; Fujita, K.; Kitajima, N.; Moro-oka, Y.;  (24) Kitajima, N.; Fujisawa, K.; Moro-oka, YJ. Am. Chem. Sod.990Q
Miyashita, Y.; Yamada, Y.; Okamoto, BBull. Chem. Soc. Jpr200Q 112 3210-3212.
73, 1797-1804. (25) Fujisawa, K.; Tada, N.; Ishikawa, Y.; Higashimura, H.; Miyashita,
(23) Tang, L.-F.; Zhao, S.-B.; Jia, W.-L.; Yang, Z.; Song, D.-T.; Wang, Y.; Okamoto, K.Inorg. Chem. Commur2004 7, 209-212.
J.-T. Organometallic2003 22, 3290. (26) Fujisawa, K. Manuscript in preparation.
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Table 1. Summary of Crystallographic Data @f 2, 4, and5

complex 1 2 4(CH.Cly) 5
color, habit green, prism red, prism green, block blue, block
formula C27H46N7BCU()2 C30H52N7BCUOZ C20H34NGCUO4C|2 C19H32NGCU(15
formula weight 575.06 617.14 556.98 504.04
crystal system monoclinic monoclinic _triclinic triclinic
space group P21/c (#14) P21/c (#14) P1 (#2) P1 (#2)
a, 10.008(4) 9.494(3) 8.2462(5) 9.017(3)
b, A 19.188(7) 17.488(5) 9.7908(5) 10.374(4)
c, A 16.541(7) 20.792(6) 18.3590(9) 13.917(5)
o, deg 90.679(2) 81.215(9)
p,deg 106. 065(5) 107.125(3) 98.948(2) 72.996(6)
y, deg 114.061(2) 84.007(10)
vV, A3 3052.2(20) 3298.9(17) 1332.32(12) 1227.8(7)
z 4 4 2
Deal glcmm® 1.251 1.242 1.388 1.363
u(Mo Ka), cm™t 7.51 6.99 10.56 9.34
temp,°C —66 —66 -90 —69
26 range, deg 655 6-55 6-55 6-55
reflections collected 24591 25984 11046 9856
unique reflections 6929 7471 10900 5503
Rint 0.043 0.032 0.018 0.023
no. of observations 5009 ¢ 30(1)) 5704 ( > 3o(l)) 9921( > 50(1)) 4766(> 30(l))
no. of variables 389 422 332 321
R2 0.070 0.046 0.061 0.038

2 0.069 0.042 0.094 0.038
good. of fitind. 2.78 2.38 4.96 2.26
max/min peak, e/A 0.86/-0.67 0.42+-0.38 4.63-3.43 0.39+0.37

3R = J||Fo| — IFcll/Y|Fol; R = [(XW(|Fol — [Fel)¥IWFoA)]Y2, w = Llo?(|Fyl).

obtained by slow recrystallization under the same experimental program SIR 92° The position of the metal atoms and their first
conditions. EPR (methanol, 140 k), 2.31,A,, 153 G;gp, 2.07. coordination sphere were located from a direct metiwodap; other
Anal. Calcd for GgH3:NgCuO,-0.15CHCl,: C, 47.42; H, 6.71; N, non-hydrogen atoms were found in alternating difference Fourier
17.32. Found: C, 47.53; H, 6.65; N, 17.13. synthese® and least-squares refinement cycles. These were refined
[Cu(L1")(17*-NO3),] (5). To a solution of Cu(NG),-3H,0 (0.174 anisotropically during the final cycles (CrystalStructud®ydro-
g, 0.722 mmol) in acetone (20 éwas added L1 (0.203 g, 0.643 gen atoms were placed in calculated positions. The structude of
mmol) dissolved in dichloromethane (20 §mThe color of the has not been completed because of the poor quality of the crystals
solution gradually turned deep blue. After having been stirred for obtained (usually very small) and the presence of highly disordered
1 h, the solvent was removed under vacuum. The residue wasmolecules (both nitrite and solvent). The GOF valud if of lower
extracted with dichloromethane, and undissolved powder was quality due to a disordered dichloromethane molecule. Crystal-
filtered off using Celite. The solution was then concentrated by |ographic data and structure refinement parameters including the
removal of solvent under reduced pressure. Recrystallization from fina| discrepanciesR andR,) are listed in Table 1.
dichloromethane/heptane &80 °C gave blue crystals (0.275 g, UV—vis Spectroscopy. Solid-state absorption spectra have

85% yield). Single crystals suitable for X-ray diffraction were been recorded either on KBr disks or for pure solids (between
obtained by slow recrystallization under the same experimental

conditions. EPR (methanol, 140 k), 2.33,A,, 147 G,gn, 2.07.
Anal. Calcd for GoH3:NgCuQOs: C, 45.28; H, 6.40; N, 16.67.
Found: C, 45.10; H, 6.07; N, 16.55.

Crystal Structure Determination. Crystal data and refinement
parameters fol, 2, 4, and5 are given in Table 1. The diffraction s
data were measured on a Rigaku/MSC Mercury CCD system with ~ ViPrational Spectroscopy. Resonance Raman spectra were
graphite monochromated Modk(/. = 0.71069 A) radiation at low measured on a Dilor XY Raman spectrograph with triple mono-
temperature. All crystals were mounted on glass fiber using epoxy chromator and CCD detector. An Ar/Kr mixed-gas laser with a
glue. The unit cell parameters of each crystal were obtained usingMaximum power b5 W was used for excitation. Spectra were
Rigaku Daemon software and refined using CrystalClear on all recorded at excitation wavelengths of 454.5, 488.0, 514.5, 568.2,
observed reflectiond. Data using 0.5intervals ing andw for 35 and 647.1 nm. The spectra were measured on KBr disks cooled to
s/frame (), for 30 s/frame2), for 30 s/frame4), and for 40 s/frame 10 K with a helium cryostat. The spectral bandpass was set to 2
(5) were collected with a maximum resolution of 0.77 A (744 cm % Middle- and far-infrared spectra (MIR and FIR) were
oscillation images). The highly redundant data sets were reducedrecorded on a Bruker IFS 66v vacuum instrument and a JASCO
using CrystalClear and corrected for Lorentz and polarization FT/IR-550 spectrophotometer at room temperature. For the MIR
effects. An empirical absorption correction was applied for each region, KBr disks were used, and the spectra were recorded at a
complex?® Structures were solved by direct methods using the

sapphire windows) at 10 K using a Varian Cary 5 Y¥s-NIR
spectrometer equipped with a CTI cryocooler. Solution spectra in
the 260-1400 nm range were measured with a JASCO V-570
spectrophotometer at room temperature using a quartz cell (1.0 cm
path length).

(29) SIR92: Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.;

(27) CrystalClear Ver. 1.3: Pflugrath, J. \Wcta Crystallogr.1999 D55, Burla, M.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27,
1718. 435.

(28) (a)CrystalStructure 3.70: Crystal Structure Analysis Packdgjgaku (30) DIRDIF-99: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
and Rigaku/MSC, 2005. (b) Watkin, D. J.; Prout, C. K.; Carruthers, W. P.; de Gelder, R.; Israel, R.; Smits, J. M. Mhe DIRDIF-99
J. R.; Betteridge, P. WCrystal Issue 10Chemical Crystallography program systerrrechnical Report of the Crystallography Laboratory;
Laboratory: Oxford, U.K., 1996. University of Nijmegen: The Netherlands, 1999.
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resolution of 1 cm. In the FIR region, PE pellets were used, and Table 2. Selected Bond Distances (A) and Angles (deg) o2, 4,
the resolution was set to 2 cth ands

MCD Spectroscopy Magnetic circular dichroism spectra were 1 2 4 5
obtained on a setup consisting of a JASCO J-715 spectropolarimeter

Bond Distances

and an Oxford Instruments SPECTROMAG magnetocryostat which cyi1—N11 1.966(3) 2.063(2) 1.970(2) 1.968(2)
is capable of generating magnetic fields up to 11T. Spectra were Cul—N21 2.110(3) 2.091(2) 2.039(2) 2.010(1)
taken in mulls in order to ensure that the spectra obtained can be Cul-N31 1.996(2)  1.9651(15)
directly related to the crystal structures of the compounds. gﬂi:gf& 2.022(3) 1.9872(15) 1'29%‘;(5()2) 1'3_70(1(5()1)

Other Instruments. EPR spectra were recorded on a Bruker cyi1—042 2.031(3) 2.195(2) 2.370(3)
EMX-T EPR spectrometer in frozen solution (dichloromethane/ Bond Angles
1,2-dichloroethane (1:1) or methanol) at low temperature in quartz N11-Cul-N21  90.84(14) 100.94(8) 89.28(8) 90.04(6)
tubes (diameter 5 mm) with liquid-nitrogen temperature controller N11-Cul-N31 91.38(12) 90.62(7)
BVT 3000.H NMR (600 MHz) and*C NMR (150 MHz) spectra N21-Cul-N31  91.91(12) 90.80(7)
were recorded on a Bruker AVANCE-600 at ambient temperature “%}:gﬂiggi 1;?2&23) 1;3;3((3
in CDC|3 Chemical shifts were reported asvalues downfield N11-Cul-041 102.79(15) 95.93(7) 9.0.44(8) 8932(6)
from the internal standard (G}4Si. Elemental analysis (C, H, N) ~ N21-Cul-041 113.10(16) 95.95(7) 162.9(1)  164.24(7)
was performed by the Chemical Analysis Center of the University N31-Cul-041 150.68(18) 169.53(8)
of Tsukuba. N11-Cul-042 160.60(15) 129.18(8) 94.47(8)

) . ) . . N21-Cul-042 103.64(15) 122.85(8) 106.27(9)

Density Functional Calculations.DFT calculations for the tris- N31-Cul-0O42 100.83(14) 111.35(8)
(pyrazolyl)borate complexe$ and 2 were performed using the 041-Cul-042 59.80(16) 58.21(8) 56.70(9)
simplified model [Cu(tPB)(N®)] (1a—1f) in order to explore the 031-Cul-041 86.98(8)  86.95(6)
flexibility of the coordination geometry of nitrite. In this model, ~ ©31~Cul-042 90.48(9)

the ligand hydrotris(pyrazolyl)borate (tPB) with truncated side
chains was applied. Using this model, three different coordination
modes of nitrite could be obtained in one system which allows for

the case of the complex8sand4 where two nitrite ions are bound

Structure. The reaction of copper(ll) chloro complexes
with NaNG, in the mixed dichloromethane/methanol sol-
a direct comparison of the absolute energies of these species. Inveént at room temperature readily gives the corresponding
copper(ll)—nitrito complexes [Cu(L1)(ONO)]X) and [Cu-

to copper, geometry optimizations were performed on model (L3)(ONO)] (2) in high yield as shown in eq 1 fdr. Selected

systems that include the isopropyl side chains of the tris/bis- bond distances and angles for all complexes are given in

(pyrazolyl)methane ligands that face the nitrite binding site. This Taple 2. Since both complexes are neutral, the oxidation state
way, any kind of steric interactions between the nitrite ions and of the copper ions is-ll in both cases.

the ligand side chains is incorporated in the resulting model systems
3 and 4, respectively. The geometries of all model systems were W
Z /

optimized using BP86/TZVP. Vibrational frequencies were also Z

calculated with this method. Single point energies on the different )7_':‘4__—\"»\—(11 )“/.N'i:'__\N’\‘(IL/O\

isomers of [Cu(tPB)(N@)] were obtained from B3LYP calculations 1 B\ N}c“_c' * NaNO, ——— HEB( N}CU\O/N ()
applying a mixed basis set: TZV(2p1f) for Cu, TZV(2d) for the N\'\‘ N\'\‘

ligand, and TZV(p) for H. TD-DFT calculations were performed X X

using the Tamm-Dancoff approximation. All calculations on the [Cu(L1)Cl] [Cu(L1)(ONO)] (1)

[Cu(tPB)(NQ,)] models and the TD-DFT calculations were per-
formed with the program ORCAL Calculations on model3 and
4 were performed using Gaussian 3.

The obtained structures are in general similar to those
obtained for other Cu(Ih nitrito complexes with different
hydrotris(pyrazolyl)borate ligand8:33Complex [Cu(L1)§?-
ONO)] (1) crystallizes in the monoclinic space groBf./c

and has a mononuclear structure as shown in Figure 1. Using
the geometry descriptar introduced by Addison et at?,

the coordination geometry dfyields a value ofr = 0.17.
This means that has a slightly distorted square pyramidal
geometry. The deviation of the copper(ll) ion from the
corresponding BD, plane in the apical direction is 0.30(1)
A. As expected, the CuN distance at the apical position is
slightly longer than those in the basal plane. The nitrite ligand
in 1 is in a symmetric bidentate coordination mode (€Eul
041= 2.022(4) A and Cut042= 2.031(4) A;ACu-0O

Results and Analysis

A. Copper(ll) —Nitrito Complexes with Hydrotris-
(pyrazolyl)borate Coligands (1 and 2). A.1. Crystal

(31) Neese, FORCA version 2.2 Max-Planck Institut fu Bioanorganische
Chemie: Miheim/Ruhr, Germany, 2004.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
0.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian, Inc.:
Pittsburgh, PA, 2003.

(33) Ruggiero, C. E.; Carrier, S. M.; Tolman, W. Bngew. Chem., Int.
Ed. Engl.1994 33, 895.

(34) This coordination geometry is supported by the structural parameter
7; T = (o0 — B)/60°, wherea andj are the largest anglest (> f5)
around a five-coordinate metal center. The parametsrequal to 0
for an ideal square-planar geometry, while for a perfect trigonal-
bipyramidal geometry it becomes 1. Addison, A. W.; Rao, T. N,;
Reedijk, J.; van Rijn, J.; Verschoor, G. £.Chem. Soc., Dalton Trans.
1984 1349.
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Figure 1. Crystal structure of [Cu(L1)-ONO] (1) (50% probability
ellipsoids shown).

Figure 2. Crystal structure of [Cu(L3)2-ONO] (2) (50% probability
ellipsoids shown).

=0.009(4) A). Compound [Cu(L3)t-ONO)] (2) crystallizes

in the form of well separated molecules in tR2,/c space
group. Ther valueé* in 2 is 0.67, which corresponds to a
highly distorted trigonal bipyramidal geometry with the basal
plane consisting of two nitrogen atoms (N11 and N21) from
hydrotris(pyrazolyl)borate and one oxygen atom (0O42) from
NO, as shown in Figure 2. Further, the €N31 distance

by the corresponding nitrato complex@s® [Cu(L1)(;?
NOz)] and [Cu(L3)¢>-NO3)] show the same geometrical
changes going from a slightly distorted square pyramidal (
= 0.22,ACu—0 (nitrate)= 0.044(3) A in [Cu(L1)(NQ)])

to a highly distorted trigonal bipyramidal geometry= 0.77,
ACu—0 (nitrate)= 0.217(3) A in [Cu(L3)(NQ)]).

A.2. Vibrational Spectra and Assignment. The IR
spectrum of [Cu(L1}?>ONO)] (1) is shown in Figure 3
together with the correspondifgN isotope labeled data. The
identification of the vibrations of the CtNO,~ subunit is
complicated by the fact that the spectra are dominated by
intense bands of the hydrotris(pyrazolyl)borate ligand. Table
3 summarizes the assignments. The band at 1287 shifts
to 1263 cntt on N substitution. In agreement with the
calculations (cf. Table 3), this feature is assigned to the
symmetric N-O stretchwyN—0O) of nitrite. At lower energy,
the corresponding antisymmetric stretggN—O) is identi-
fied with the band at 1197 cm that disappears in th&N
labeled compound. It probably shifts into the intense band
at~1175 cnr! and is masked by this feature. This sequence
with v¢(N—O) at higher energy tham{N—0O) is also found
in “free” nitrite like LINO,, etc., but is in contrast to the
assignments for six-coordinate nitrito complexes in the
literaturé® (see Discussion). In addition, this is also in
contrast to previous assignments of the-@ stretching
modes for a related Cu(HNO,~ complex with a substituted
hydrotris(pyrazolyl)borate coligand'®> At 877 cm't, the
O—N-—0 bending mode of nitrite is found in the IR spectrum
of complex1. This band shows a smafiN isotope shift to
872 cnmrl. Finally, the isotope sensitive band at 358¢nis
assigned to the CuO stretch. Since nitrite binds to Cu(ll)
with both its oxygens, it is not clear whether this band
belongs to the corresponding symmetric or antisymmetric
vibration. From the calculationsy(Cu—0) is predicted
around 360 cm' (cf. Table 3) and at distinctively higher
energy than,d Cu—0). Therefore, the band at 358 chis
assigned tog(Cu—0). Another interesting feature in the IR

at the apical position is much shorter than those in the basalspectrum ofl is found at 2551 cm" which belongs to the

plane. Correspondingly, the €42 distance at the apical
position is shorter by 0.208(2) A than €®41. This

B—H stretch of the hydrotris(pyrazolyl)borate ligand. The
Raman spectra ol are shown in Figure S3. Only the

indicates that the interaction between the copper(ll) ion and symmetric N-O stretch is found in these data at 1284¢m
the apical ligands is distinctively stronger compared to the shifting to 1262 cm! on isotope substitution in accordance

interaction with the ligands in the basal plane, which is
indicative of a ¢ ground state i2. This is also evident from
EPR @p = 2.18,g, = 2.03,A;, = 116 G). The nitrite ligand

with the IR results. The fact that this mode appears in the
Raman spectra is in agreement with its assignment to the
symmetric N-O stretch, which should be Raman active.

in 2 shows an asymmetric bidentate coordination mode due The Supporting Information (Figures S4 and S5) also
to the trigonal bipyramidal coordination geometry described contains the IR and Raman spectra of [Cu(y3)ONO)]

above.

Comparing the known crystal structures for coppef{ll)
nitrito complexes ligated by hydrotris(pyrazolyl)borate, the
nitrite binding mode shifts from symmetric bidentateGu—O
= 0 A) in [Cu{HB(3,5-Mepz)s} (ONO)I and ACu—0 =
0.009(4) A in1 to essentially asymmetric bidentateGu—O
=0.193(6) A) in [CY HB(3-tBupz)(ONO)} ] and ACu—O
= 0.208(2) A in2. These differences in the nitrite binding

(2) and of the correspondingNO,~ complex. In this case,
the spectroscopic information is less complete. In particular,
the Raman spectra & do not show the intense(N—0)
feature as in the case df, which might be due to the
asymmetric binding mode of nitrite in this complex. As
shown in Table 3, the observed vibrational energies2for
are close to the ones observed fofurther supporting the
assignments described above. Hence, the difference in

geometry can be viewed as a direct reflection of the divergentbinding mode betweeh and2 does not seem to have much

steric influences of the alkyl substituted hydrotris(pyrazolyl)-
borate ligand$? This interpretation is further substantiated

(35) Fujisawa, K.; Miyashita, Y.; Yamada, Y.; Okamoto, Bull. Chem.
Soc. Jpn2001, 74, 1065-1066.
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Figure 3. IR spectrum ofl (top) and of the correspondif§NO,~ isotope labeled complex (bottom).

Table 3. Comparison of Experimental and Calculated Vibrational Frequencies of EN@)~ Complexes

vibration
compound v(N—0) vadN—0) 0(0—N-0) vs(Cu—0) vad{Cu—0)

[Cu(L1)(#%?ONO] (1) IR 1287 1197 877 358

R 1284
[Cu(L1)(%-ONO] IR 1263 b 872 354

R 1262
[Cu(L3)(%?-ONO] (2) IR 1264 b 875 b

R 1182
[Cu(L3)(;%-0NO] IR b 1162 870 b

R ~1160
[Cu(tPB)@2-ONO)] — calc 1248 1098 833 360/316 313
[Cu(tPB)1-ONO)] — calc 1249 1097 833 360/316 312
[Cu(tPB)@L-NO)] — calc 1231 1461 772 381/296

a‘tPB’ = hydrotris(pyrazolyl)borate; this is the simplified ligand used for the calculations (see Experimental Sédtuis)band is most probably
masked by other intense featurésiere: v(Cu—N).

effect on the vibrational energies in agreement with the the absorption and MCD spectra bf 2, and [Cu(L3)¢?-

calculations (Table 3). NOs)]. In general, the spectra of these three hydrotris-
A.3. Electronic Spectra. Figure 4 shows the U¥vis (pyrazolyl)borate complexes are characterized by two weak

absorption and MCD spectra of [Cu(L#/ONO)]. The bands with are of 100-150 M~ cm™ in the NIR region

corresponding data of [Cu(L3)f-ONO)] and [Cu(L3)?*- (bands 1 and 3). These correspond to two negative features

NOs)] are presented in Figures S7 and S8, respectively. Asin the MCD spectrum. Note that band 3 is the strongest
one can see from these plots, the two Cuf{N)O,~ spectra feature in the MCD spectra of all three compounds.
are comparable in appearance to the Cu(ND;~ data. Therefore, bands 1 and 3 can be assigned-to tlansitions.
Hence, Cu(ll)-nitrite LMCT transitions are not readily Besides these features, two additional bands also appear in
discernible below 40 000 cm. In addition, the spectra df the NIR region (bands 2 and 4), which, however, are both
with the L1" ligand have the same overall appearance as weak in absorption and MCD. Based on the calculations
the spectra o2 with ligand L3". This is somewhat surprising  described below, these two transitions nevertheless cor-
considering the different ground states of these complexesrespond to the two remaining—dl transitions. At higher

as determined from EPR (vide supra). Hence, the MCD energy, two characteristic negative bands are observed
results indicate that the influence of the different ground between 20 000 and 26 000 chin the MCD spectra (bands
states on the electronic spectra is limited. Table 4 lists the 5 and 6). The corresponding absorption bands lkafe 50—

band positions obtained from simultaneous Gaussian fits of 400 Mt cm™L. Their origin is discussed in section A.4. In
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Figure 4. UV —vis absorption (top) and MCD spectrum (bottom) lof
The absorption spectrum in the WWis region was recorded in GBI, at
low temperature; in the NIR region, the material was pressed between

distances to the nitrogens and oxygens are in excellent
agreement with experiment. Compared to free,N@he
predicted N-O distances are very similar (within 1 pm), and
the nitrite molecule remains essentially symmetric in the
optimized structure. The NO distances 0f~1.28-1.29 A

are considerably longer than feNO,. Thus, already the
structure indicates limited charge transfer from NQo
Cu(ll) in 1d and by inference also for the real complexes
and2.

At the B3LYP level, the relative energies including zero-
point vibrational energies, thermal corrections, and solvation
energies calculated using the COSMO model with a dielectric
constant of 9.1 of the three coordination modes for the
Cu(ll) species 1d—f) show that the bidentate coordination
mode is the preferred one (cf. Table 5). The N-bound species
(1e) is predicted 5.5 kcal/mol higher in energy, while the
monodentate O-bound specidd)(is isoenergetic withld.

For the Cu(l) species, the situation is even more complicated
since all three coordination modes are predicted to be
isoenergetic within-1 kcal/mol. However, in this case, it is
not evident that a bidentate coordination mode exists as a
separate minimum on the potential energy surface, and
structureslaandlcare identical within the numerical scatter
of the geometry optimization procedure. It is however, clear,
that the N-bound coordination mod&yj becomes energeti-
cally increasingly feasible for Cu(l) species, which is in

sapphire windows and recorded at 20K (see Experimental Section). The @greement with the experimental findings in the literature
MCD spectrum was obtained on mulls. Also included are Gaussians obtained(cf, Introduction). Importantly, the calculations suggest that

from a simultaneous fit of these data.

this bonding mode is also possible in the Cu(ll) species since

absorption, an intense feature appears between 30 000 anthe energetic penalty of only 5.5 kcal/mol may be overcome

35 000 cm* (band 7) with are of ~1000 Mt cm™ for all

in a suitable ligand environment. The structural changes in

compounds, which can therefore be assigned to a chargegoing from the Cu(ll) to the Cu(l) species are relatively

transfer transition between copper(ll) and the hydrotris-
(pyrazolyl)borate ligand.

A.4. Electronic Structure and Spectral Assignments.
In order to obtain insight into the geometric and electronic

limited. In general, the metaligand distances increase
slightly, which is expected. The NO bond distances also
increase on average indicating a limited degree of back-
bonding into the N@ x" orbital—a mechanism which has

properties of the species studied, DFT calculations were been held responsible for many of the interesting reactive

performed on a truncated version of the ligand LWhere
all bulky substituents were removed. In order to provide a

features of nitrite bound to low-spin Fe(ll) in the reaction
cycle of cytochromec nitrite reductasé.In the case of

systematic comparison, the calculations were performed oncopper, the N-bound species in the Cu(l) stats) (eads to

both copper(l) and copper(ll) oxidation states. Geometry
optimizations were started from structures containing the
conceivable coordination modes of nitrite to a mononuclear

N—O bonds which are still essentially equivalent and
therefore have a formal bond order of 1.5 while the O-bound
species 1¢) naturally leads to significant asymmetry in the

copper center, namely bidentate O-bound, monodentatenitrite molecule giving rise to an essentially single-® bond

O-bound, and monodentate N-bound (cf. Chart 1) giving rise
to six modelsla—f (Figure 5).

Geometric Structures and Energies.The optimized
structures (BP86/TZVP) of the six modela—f are shown
in Figure 5. Table 5 lists calculated properties for these

for the bonding oxygen and a bond with essentialk®l

double bond character for the remote oxygen. These differ-
ences in bonding modes therefore represent quite different
electronic structures which must be reflected in their associ-
ated reactivities. The differences are nicely reflected in the

systems. Comparison can be made between the crystatalculated diatomic NO force constants in Table 5.

structure ofl and the bidentate Cu(ll) specigd. In general,
the calculations faithfully reproduce this structure. There is

According to the calculations the O-bound mode in the
Cu(l) species is the only one which leads to a sizable

excellent agreement between theory and experiment for theactivation of one of the two NO bonds where the force

metal-ligand bond distances with deviations being only on
the order of 2-3 pm. Considering an effectiv@,, symmetry
(vide infra), the axial ligand field features a long €Miigang
bond of 2.110 A experimentally which is overestimated in
the calculations (predicted: 2.178 A). However, all equatorial

constant goes down te3.9 mdyn/A, while the calculations
on the free N@ molecule yield a force constant 6f5.7
mdyn/A, quite similar to the values calculated for the
N-bound species. Interestingly, this trend is reversed for the
copper(ll) complexes: here, the N-bound model systegnh (
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Table 4. Results of the Simultaneous Gaussian Fit of the Absorption and MCD Spectra of the Compounds E«@QNQY)], [Cu(L3)¢>-ONO)], and
[Cu(L3)(»*NOs)]

[Cu(L1)(7*~ONO)] (1) [Cu(L3)(»*~ONO)] (2) [Cu(L3)(7>~NOs)]
Vmax €max Ae Vmax €max Ae Vmax €max Ae
band (cm™) (M~tem™) T4 fa (cm™) (M~tcm) [T4 fa (cm™) (M~tecm™) [T4 fa

1 7938 632 @ —103 0.0008 7931 1070 @ 0.0011 8245 118.8 Q 0.0011
2 11153 129 O 22.0 0.0001 9903 265 Q ? 0.0002 10703 135 @ 21.6 0.00004
3 12950 159.2 (¢} —59.7 0.0024 11960 142.6 Q@ —74.4 0.0019 12183 157.5 @ -781 0.0023
4 16197 279 O 5.7 0.0003 14900 258 WM 4.7 0.0003 15062 272 Q 7.8 0.0004
4a 18096 685 6 —10.2 0.0008
5 23799 186.4 —22.5 0.0035 21450 134.4 —30.7 0.0027 21864 383.3 —21.1 0.0090
6 26977 329.4 —-11.1 0.0070 23652 299.6 —-16.7 0.0058 25342 165.8& —11.6 0.0025
6a 29825 288.9 0.0063 26889 334.3 5.2 0.0065 28420 2404.8 0.0082
7 34043 1267.7 13.4 0.0299 31450 744.1 6.2 0.0167 33188 1034.3 14.0 0.0251
8 33769 1279.1 ? 0.0266 35505 355.6 —14.2 0.0083
9 39336 19134 0.0397

af: oscillator strength? Q: fit of the solid-state UV-vis spectra; the other band positions are obtained from the low-temperature solutiewidJV
spectra (in CHCIy). For [Cu(L3)¢?-NOs)], UV —vis spectra recorded in a KBr disk were used instead of the solutiondEte. intensities of these bands
are probably overestimated due to the scattering background of the KBr disk that becomes significant at low wavelengths.

Figure 5. Optimized geometries (BP86/TZVP) for Cuflitrite speciesla—c and Cu(ll}-nitrite species 1d—f) together with the calculated SOMOs

(B3LYP/TZVP) for speciesld—f. Metric parameters are collected in Table 5.

shows large anisotropy of the-ND bonds, whereas these and two pyrazolyl-nitrogens. This leads to the Gu~gdbased

have similar force constants for the O-bound isonieiand singly occupied MO which is strongly-antibonding to the

1f. ligand. This electronic structure changes drastically upon
Electronic Structure. The SOMOs for the three Cu(ll)  going to the monodentate specigswhere the SOMO is

species 1d—f) are also included in Figure 5. From an clearly of the ¢ type and oriented toward the axial ligands.

electronic point of view it becomes evident that the coor- This is in excellent agreement with the EPR results obtained

dination sphere ofld should be considered as a square for complexesl and2 where the asymmetric binding mode

pyramid with the plane being spanned by the two oxygens of nitrite in 2 leads to a d ground state. Yet another type of
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Table 5. Calculated Relative Energies (B3LYP/TZWZPE,COSMO(water)), Metrical Parameters (BP86/TZVP), NBO Spin-Populations (B3LYP/
TZVP,COSMO(water)), and Quasi-Diatomic Force Constants (BNP86/TZVP) for Mddel§

la 1b 1c 1d le 1f
energy 1.2 0.9 0.0 0.0 5.5 0.1
R(Cu—0y) 1.974 2.788 1.982 2.050 2.486 2.057
R(Cu—0y) 2.859 2.816 2.905 2.063 2.908 2.051
R(Cu—Njy) 2.843 1.934 2.887 2.503 1.925 2.501
R(Cu—Npy)® 2.073 2.155 2.092 2.035 2.021 1.999
R(Cu—Ng,)® 2.248 2.068 2.177 2.178 2.108 2.177
0(O—N-0) 115.6 118.4 118.0 110.0 125.7 109.9
spin-C¢ 0.651 0.495 0.651
fno® 3.91/7.04 5.92/6.03 3.96/6.96 5.15/5.07 8.05/5.97 5.17/5.07

aRelative energy in kcal/mol: the lowest energy for the Cu(l) species)and Cu(ll) species (df) is taken as the zero-point. Equatorial nitrogen.
¢ Axial nitrogen.d Spin population on copper according to the NBO analysBuasi-diatomic N-O force constants in mdyn/A.

Table 6. Calculated Absorption Spectrum &fl (B3LYP/TZVP) in
Water €=80.4, Refractive Index1.33) as Modeled by the COSMO
ModeF

transition energy (cmt)  fosc(x 10%) transition
7135 6.8 Cu-g—Cu-de-y

12 248 26.5 Cu-g—Cu-de—y
13 669 4.4 Cu-g—Cu-de—y
15 395 3.2 Cu-g—Cu-de_y2
17910 1.1 Nrr—Cu-de_y2
22180 20.0 Nrr—Cu-de-y2
23534 13.4 N@ -01—~Cu-de-y
25316 25.7 NG -01+ Np—7—Cu-dey2
28574 31.1 Ner—r"
29 589 19.2 Nrr—r"
30734 16.7 N-r—a'
30836 37.7 Ner—r"
31652 498.0 N@ -7—Cu-dez-2
32522 620.2 N@ -05—~Cu-de-y2

aOnly transitions of e&d character or with calculated oscillator
strengths larger than 1®are listed.

SOMO s calculated for the N-bound specidg)( In this
case, the SOMO resembles thatlafin that it is localized
essentially in a trigonal plane but with a strong contribution
(~33%) from the o-HOMO of the nitrite ligand (with
significant contributions of the nitrogen lone pair) and a
correspondingly reduced contribution (46%) from Cu(ll).
This much strongewv-donor character of the NO in the

mixes strongly and accidentally with an energetically nearby
NO,~ in-plane lone pair orbital which renders the calculated
transitions somewhat unclear (Figure 6). However, the
transition should certainly be assigned to-addtransition.
The next two bands can safely be assigned to transitions from
the Cu-g,,,based MOs to the SOMO. They are, as expected,
associated with a derivative shaped MCD signal. The two
transitions are calculated at 12 248 ¢nand 13 669 cm!
which is very close to the observed transition energies of
11 153 cmt and 12 950 cm!. However, the precise order
of the two states is not perfectly clear since one of them
(band 3) is much more intense than the other one. This is
reproduced by the calculations which, however, give the
much stronger transitioric,c—0.0026) lower in energy than
the weaker onef{;=0.0003), which is opposite to the
experimental observation (band 2;,=0.0001 and band 3:
fexy=0.0024). Since these two transitions are very close in
energy, this error can certainly be tolerated. Finally, the fourth
d—d transition corresponds to thg, tb de-2 transition which

is calculated at 15395 crh and observed as a positive
C-term at 16197 crrt (Table 4), again in excellent agreement
with experiment. The assignments of theditransitions are
illustrated in Figure 6.

The interpretation of the more intense transitions starting
from ~23 000 cm? experimentally is less straightforward.

N-bound structure is also seen in the results of the natural They must belong to charge-transfer transitions, which are,
population analysis which suggests a reduced positive chargdiowever, not obviously associated with the nitrite ligand as
and spin population on the copper (65.1% spin population pointed out above. For charge-transfer transitions TD-DFT

on Cu inld compared to only 49.5% ith€). Likewise, the
Léwdin bond order of the CuN bond inl1d (0.66) is much
stronger than that of the GtO bonds inlc (0.49). In all
binding modes it is observed that the nitrite bond
becomes stronger in the Cu(l) forms (€N bond order 0.75
in 1b and Cu-O bond order 0.61 iia).

Electronic Spectra. The interpretation of the optical
absorption spectra (Figure 4, Table 4) in theddregion of

calculations are somewhat problematic due to the self-
interaction error which tends to give much too low energies
for such transitions. The problem is somewhat reduced with
hybrid density functionals since these are closer to being self-
interaction free, but we have also observed shortcomings in
this respect in a number of applications. Keeping these
limitations in mind, the first transitions past the-d region

predicted by B3LYP/TD-DFT correspond to pyrazote;

1 are straightforward based on the combination of absorptionto Cu' LMCT transitions which appear with moderate

and MCD measurements together with TD-DFT (B3LYP/

intensity f = 1.1 x 10“ and 20.0x 104 at 17910 and

TZVP) calculations. As pointed out above, the combination 22180 cn1!. Second, there are calculated intraligand excita-
of theory and experiment reveals that the effective site tions with low intensity. It is noteworthy that the—d

symmetry is close t&,4,. Thus, the first transition which is
expected leads from the Cyedbased MO to the Cusd 2
based SOMO. This transition is observed at 7983camd
calculated at 7135 cm (Table 6). It is associated with a
negative MCD C-term. In the computations the atbital

transitions have negligible predicted solvent shiftslQ0
cm1), while the solvent shift of the LMCT transitions is
very large and amounts to a downshift of 36@D00 cnt™.
The calculations also do predict nitrite to 'CWLMCT
transitions. The first two lead from the high-lying nitrite-
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Figure 6.

Figure 7. Important orbitals for the interpretation of the LMCT region of
1 calculated forld.

HOMO (NO, -01; cf. Figure 7) to the SOMO and are
calculated as a pair at 23 534 ch(f = 13.4 x 104 and
25316 cm! (f = 25.7 x 107%). Both show (accidental)
mixing with pyrazolez to Cu' LMCT transitions, which is
probably the source of intensity of these two absorption
features. A pair of high-intensity nitrite nonbonding and

7 (the HOMO-1 and HOMO-2 of free nitrite; see also Figure
7) to Cu(ll) LMCT transitions is predicted to occur at 31 652

3926 Inorganic Chemistry, Vol. 46, No. 10, 2007
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Interpretation of e-d transitions inl in terms of one-electron transitions.

cmtand 32 522 cm' with oscillator strengths of 498.Q
10*and 620.2x 1074, respectively. The primary intensity
of these bands relates to the LMCT transition which has

a large transition dipole moment due to the good overlap of
the corresponding orbital (cf. Figure 7) with the SOMO

of copper(ll), while thez-transition is inherently weak and
borrows its intensity from the-transition. It is difficult to
unambiguously judge the reliability of these calculations with
respect to the CT features. Broadly speaking, bands df

1 (cf. Figure 4) are of moderate intensity and occur around
20 000-30 000 cn1! close to the energy region where the
moderate intense LMCT transitions are predicted. But
detailed assignments are not possible. A high-intensity feature
which is associated with a low-intensity positive MCD
C-term feature (band 7) is observed aroun8b 000 cmt
which is ~3000 cn! higher in energy than predicted for
the 0, and & to Cu(ll) LMCT. Hence, the evidence for
assigning band 7 to a nitrite to CUMCT transition is
ambiguous and awaits the collection of UV resonance-Raman
data which is unfortunately outside the possible excitation
range of the equipment available to us.

B. Copper(Il) —Nitrito Complex with Tris(pyrazolyl)-
methane Coligand (3). B.1. Synthesig.he reaction of [Cu-
(L1)CIy] with 2 equiv of NaNQ in the mixed dichlo-
romethane/methanol solvent at room temperature readily
gives the corresponding copper¢tiitrito complex3 fol-
lowing eq 2. Preliminary crystallographic data shown in
Figure S2 indicate a very unusual binding mode of the two
nitrite ligands in this complex where one nitrite shows
monodentate coordination via one oxygen atom, whereas the
other nitrite is N-bound. Only a few complexes are known
in the literature that exhibit this mixed O/N coordination of
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Table 7. Comparison of Experimental and Calculated Vibrational Frequencies of E@{,), Complexes

vibration
wW(N-0) 1vO(N—0) 0(0—N-0)
compound Vas Vs N=0 N-O Os Oas 19(Cu—0) wN(Cu—N)
[Cu(L1)(7*-ONO)(NG)] (3) IR 1402 11417 1060 352 223
[Cu(LL)(5*-OBNO)(5NO,)] IR ~11157? 1353 1053 345 220
[Cu(L1)(n*-ONO)(NGy)] — calc @) 1421 1254  ~1380 1029 798 768 320 213/211
vibration
v(N—O™) »(N—0OP) 0(0—N-0) v¢(Cu—0)
compound Vas Vs Vs Vas Os Oas Vs Vas

[Cu(L1")(*-ONOY,] (4) IR 1346 1182 851 378 348

R 1325 1190/1176 853 804 380 351
[Cu(L1")(*-OBNO),] IR 1321 1156 844 374 344

R 1299 1161 847 797 372 344
[Cu(L1")(*-ONOY,] — calc @) 1337 1349 1106 1058/1054 799 786 358 335

aModels3 and4 used for the calculations are described in the Experimental Section.

two nitrite ligands®® Further work is in progress to obtain is absentin thé&>NO,~ complex. This feature probably shifts
into the intense band at about 1380 ¢nfcf. Figure S6).

W )\/\,/4 As shown in Table 7, this mode is predicted at 1421 €tm

INN ¢l X,"‘/:'\N,\,(u,o—-N‘ for 3 in very good agreement with experiment. The calcula-
HONN-Cul [+ 2NaNo, ——— HeNNeu | D @ tions on3 also show that the O-bound nitrite is strongly
NN NN, polarized in this complex such that the4® bond of the
\ \ copper-bound oxygen is long and has single bond character
[Cu(L1')Cl2] [Cu(LT')YONO)NG,)] (3) (bond 1 in Chart 2, top), whereas the other® bond is

short (bond 2 in Chart 2, top) and can be regarded as a (weak)
N—O double bond. The two corresponding stretching vibra-
tions, v°(N—0) (bond 1) andv®(N=0) (bond 2), only

better crystals 08 to confirm this result. Spectroscopic data

suggest that the nitrogen atoms of the tris(pyrazolyl)methane

ligand bind to the copper(ll) center in a facially coordinating . o

tridentate mode in agreement with the structural data. \éve;d;l)é mtbear?gtéln g;erslztsfgggaa of thHij;l]O; af:.m:; do':o
B.2. Vibrational Spectra and Assignments.The IR : W PP ien '9

. - vO(N=0). To lower energy, two isotope sensitive bands are
spectrum of [QU(LJ)(ONO)(NOZ)] (3) is s.hownjn' Figure found at 1141 cm® and 1060 cm! (cf. Table 7). The feature
S6 together with that of the corresponditiylO,~ isotope 1141 1 ioned N(IN—O) of the N-bound
labeled complex. As one can see, the i stretch around .at cln:] IS hasilgne ;OVS (h ) of the N- ;I)unl
2500 cmt is absent in the spectra in accordance with the Isomer, although this mode shows an unusually large

presence of the tris(pyrazolyl)methane ligandirDue to deviation from the calculated frequency of 1254 °¢nmn
the coordination of two nitrite ligands, the number of Table 7, and, hence, this assignment is only tentative. The

vibrations increases which makes the assignments moreP@nd at 1060 cnt corresponds to°(N—0) of the O-bound

complicated. From the preliminary crystal structur&pthe isomer (bond 1). The calculated frequency of 1029 ¢for
binding mode of nitrite is different in this complex compared this mode is in very good agreement with experiment. The
to [Cu(LL)(™-NOs)] and [Cu(L1')(5*-ONOY,] (vide infra) O—N-0 bending mode that is quite mtensg in th.e. hyd'rotns—
which both show tway™-O coordinated nitrate and nitrite (pyrazolyl)borate compound_s _cannot be identified m_the
ligands, respectively. Calculations on a large model Systemspectra of3. The reason for this is un-clgar._ In the_FIR region,
for 3 which includes the isopropyl substituents facing the the Cu-0 stretch of the O-bound nitrite ligand is observed
nitrite binding site &; see Experimental Section) show that at 352 cm* showing a shift to 345 cnt in the **N labeled
the local vibrations of the two bound nitrite units are basically compound, which is very similar in energy toand2. This
localized and do not mix significantly (with exception of Mmode is calculated at 320 crnfor 3. Finally, the Cu-N
the O-N—O bending mode) in this complex. In agreement stretch of the N-bound nitrite appears at very low energy
with the calculations on the hydrotris(pyrazolyl)borate model (223 cnt?), which is probably related to strong mixing of
Comp]exes]_d—f (Vide Supra), the results f(ﬁf predict that this mode with the @ N—0O bend. Unfortunately, no Raman
N-bound nitrite shows the antisymmetric1® stretch at ~ spectra could have been determined 3odue to lumines-
much higher energy>(1400 cn1l) compared to the O-bound ~ cence problems.
isomers. Based on thig,d(N—0) of the N-bound nitrite in B.3. Electronic Spectra.Figure 8 shows the absorption
3 is assigned to the isotope sensitive band at 1402 ¢hat and MCD spectra of comple® together with Gaussians
obtained from a simultaneous fit of the data. Band positions
(36) F()i)re"l;t}hér'g';ﬁi'c" Sar??aucnﬁif“s'ei?‘?ff é‘xi?ﬁgi%eﬁfnldtrfgéﬁ °k .. and extinction coefficients are listed in Table 8. In compari-
Hamilton, W. C.; Bernal, linorg. Chim. Actal977, 23, 117-129. son with the spectra of complexgésnd?2 described above,
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Figure 8. UV—vis absorption (top) and MCD spectrum (bottom) 3f
The absorption spectrum in the UWis region was recorded in GRBly;

Lehnert et al.

Table 8. Results of the Simultaneous Gaussian Fit of the Absorption
and MCD Spectra for Compound [Cu()@*-ONO)@1-NO,)] (3)

band  vmax(cm™) emax(M~tecm™) Ae [T fa

1 9832 19.7 Q 59 0.0002
2 11985 12.6 () —4.5 0.0001
2a 13651 —8.7

3 15148 77.8 Q —33.7 0.0017
4 21566 290.3 —8.5 0.0050
5 25018 1064.1 —-17.0 0.0206
6 30048 850.2 —63.3 0.0167
7 33286 2528.9 —70.1 0.0436
8 35854 3000.5 0.0512
9 38721 3008.9 0.0469

af: oscillator strength? Q: fit of the solid-state UV-vis spectra; the
other band positions are obtained from the low-temperature\d&/spectra
in CHxCl, solution.

agreement with the preliminary X-ray structural d&ta.
TD-DFT calculations on modeB predict d-d transition
energies of 8472, 11 913, 14 420, and 15 007 rwhich

is in good agreement with experiment (cf. Table 8). The fully
optimized structure o8 is somewhat intermediate between
square pyramidal and trigonal bipyramidal, which explains
the remaining deviations of these numbers from experiment.
To higher energy, mixed pyrazoteto Cu' and nitrite to
CU' LMCT transitions (into the SOMO of copper) of medium
intensity are calculated at 19 462, 24 242, 24 534, and 24 940
cm (f=100x 104-1000x 10 ). Detailed assignments

in the NIR region, the material was pressed between sapphire windows of the observed bands are not possible. No transitions of

and recorded at 20K (see Experimental Section). The MCD spectrum was

obtained on mulls. Also included are Gaussians obtained from a simulta-
neous fit of these data.

Chart 2

the region below 30 000 cr looks quite similar with

significant intensity are calculated between 25000 and
30 000 cm? in accordance with experiment. In summary,
these spectral assignments are in good agreement with the
results forl (vide supra). The low-energy CT region of these
compounds is most probably dominated by pyrazol&
Cu(ll) CT, which would explain why the spectra of all
compounds investigated here are quite similar below 30 000
cmL. Note that the calculated larger oscillator strengths for
3 compared told are in agreement with experiment.
Important differences betweehand1 occur in the higher
energy region of the spectra: two bands are observed at
30048 and 33286 cm (bands 6 and 7) foB which are
intense in absorption as well as MCD. No other compound
including 4 (vide infra) has corresponding spectral features.
One possible explanation is that this difference relates to the
fact that compound is the only complex in this series
including 4 (vide infra) that has an N-bound nitrite; in all
other cases, the nitrite is O-bound. Hence, these bands would

essentially four intense transitions (in this case bands 1, 3,then be associated with a nitrite to copper charge-transfer
4, and 5). Especially the MCD intensity of these bands fits transition that does only occur for the N-bound isomer.
quite well with the corresponding bands in the other However, from the TD-DFT calculations, there is no
complexes as shown in Table 8. Hence, these features ar@vidence for such spectral features. In fact, the calculations
also assigned to the four-di transitions of copper(ll) (bands ShO\iV only one ban:j of corresponding intensity at 31 018
1, 2, 2a, and 3) and CT transitions as described in sectionc™ * (f =420 x 107), which, however, again corresponds
A.4. Compared tol and 2, the change in coordination t© mixed pyrazolez to Cu' and nitrite to Cli LMCT. From
environment in3 is reflected by a change of the MCD the calculations, the N-coordination mode of nitrite does not
intensity pattern of the -dd transitions, which indicates a have a significant effect on the optical spectra. However,

different energy sequence of the d orbitals in this complex.
Nevertheless, the occurrence of the highest energyltand
around 15 000 crt in the MCD spectrum indicates a square
pyramidal coordination geometry for this compound, in

(37) From the structural data 8f ther value is 0.04, which corresponds
to a square pyramidal geometry (NACul—043=169.2 deg, N3%+
Cul-N21=171.7 deg, apical position occupied by N21). This is also
in agreement with the EPR spectrum, which shows the usgaj,d
ground state for this coordination geometry.
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the rather poor agreement between the calculated and

experimental spectra in the region30 000 cm? renders

this conclusion somewhat ambiguous, and, hence, the origin

of the 30 048 and 33 286 crhfeatures o3 remains unclear.
For comparison, absorption and MCD data of the corre-
sponding nitrato complex [Cu(L7'-NOs),] are shown in
Figure S9. Importantly, in this case the MCD data recorded
in a mull do not line up with the absorption spectra recorded
in solution, KBr, or between sapphire windows although the

overall appearance of the spectra is quite similar. The reason

for this observation is not entirely clear. One possibility is
that some kind of isomerization of the complex takes place
in solution and during the preparation of the KBr disk. In
addition, during the measurement of the MCD data it was
noticed that this complex is photolabile. Therefore, the optical
spectra of [Cu(LD(#*NOs);] are not further analyzed
because they are under severe doubt.

C. Copper(ll) —Nitrito Complex with Bis(pyrazolyl)-
methane Coligand (4). C.1. Crystal Structure.Treatment
of [Cu(L1")Cl,] with 2 equiv of NaNQ vyields the nitrito
complex4 as shown in eq 3. On the other hand, the reaction
between Cu(Ng),-3H,O and LI' in a mixed acetone/

AN PRVARRN S )

¢ cu” "+ 2NaNO, — >  :C cl. o ©

H™ ™\ / \CI H™ "\ /N T
N—N N—N O-N

[Cu(L1")Cly)] [Cu(L1")(ONO),] (4)

Figure 9. Crystal structure of [Cu(L') (5 -ONOY),] (4) (50% probability
ellipsoids shown).

Cul—042 distances of 2.407(2) and 2.497(2) A, respectively.
This geometry is due to the steric hindrance of nitrate and
the L1' ligand, which is minimized this way.

C.2. Vibrational Spectra and Assignments.From the
crystal structure o#, it is known that both nitrite ligands
can be considered essential}*O bound. Calculations on
then-O bound isomer&d,f of the hydrotris(pyrazolyl)borate
complex (vide supra) indicate that the weak interaction of
042 with copper is most likely not relevant for the vibrational
properties of4. To gain further insight, calculations on a
large model system fod which includes the isopropyl
substituents facing the nitrite binding sitd; (see Experi-
mental Section) have been performed. These calculations
show that both nitrite ligands are polarizedin.e., the N-O
bond of the coordinated oxygen €NDP) is longer than the
remaining N-O bond (N-O"; cf. Chart 2). However, this
polarization is clearly weaker than the one observed for the

dichloromethane solvent at room temperature readily gives O-bound nitrite in 3 (vide supra). Nevertheless, it is

the corresponding copperhitrato complexs in high yield.
The single crystal structural results #and5 confirm that
the nitrogen atoms of L1bind to the copper(ll) ions in a
facially bidentate coordination mode forming mononuclear

significant enough to lead to an interesting vibrational
coupling scheme of the four local-ND coordinates .
Surprisingly, the calculations predict that vibrational coupling
between the pairs of NO° and N-O™ coordinates is

structures. These structures are shown in Figures 7 and S1ldominant and not the coupling between the® coordinates
respectively. Because these complexes are neutral, theof the individual nitrite ligands as would be expected. This

oxidation state of the copper isll in both cases. Complex

4 consists of a copper center with two pyrazolyl nitrogen
atoms (N11 and N21) and two oxygen atoms of the two
nitrite ions (O31 and O41) bound. In addition, there is a weak
interaction between Cu(ll) and a third nitrite oxygen (042)
at a distance of 2.370(3) A as shown in Figure 7. Including
this weak Cu-O interaction, a square pyramidal coordina-
tion geometry around the copper(ll) is obtained. The 032
atom is 2.408(2) A away from the metal. The total angle
around the copper(ll) ion is 362.08The deviation of the
copper(ll) ion from the corresponding .®, plane in

the apical direction is 0.10(1) A. In the case of the
nitrato complex5, the coordination geometry around the
copper(ll) ion is essentially square planar. This can also
be understood from the total angle (36L)6&round the
copper(ll) center and the deviation (0.10(1) A) of the
copper(ll) ion from the corresponding.®, plane formed

by the two pyrazolyl nitrogens (N11 and N21) and two nitrate
oxygens (031 and 0O41) in the apical direction. One of the

leads to the observation of corresponding symmetgcand
antisymmetric ¢.9 combinations of N-O™ and N-O,
respectively (cf. Table 7). These predictions are supported
by the experimental findings.

The IR and Raman spectra of [Cu()l7*-ONOQOY),] (4) are
shown in Figures 10 and 11, respectively, together with the
corresponding®NO,~ isotope labeled data. The band at 1346
cm™! in the IR spectrum that shifts to 1321 chin the
5NO,~ compound is assigned to one combination of the
v(N—QO™) stretches. The second component is identified in
the Raman spectrum at 1325 chshowing a shift to 1299
cm™! upon isotope labeling. The small energy splitting
between these combinations of only 21 dneflects the fact
that the N-O™ bonds of the two nitrite ligands are separated
by four bonds. This value is in good agreement with the
calculations (predicted: 12 crt). However, the fact that
the 1346 cm? feature is IR active whereas the 1325¢m
mode is Raman active indicates that the band at higher
energy should be assigned to the antisymmetric combination

nitrate ligands is located above and the other one below thev,{N—0O™), which is opposite to the order found in the

N.O, plane (cf. Figure S1), exhibiting long CtD32 and

calculations (cf. Table 7). At lower energy, an isotope
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Figure 10. IR spectrum of4 (top) and of the correspondinf§NO,~ isotope labeled complex (bottom).
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Figure 11. Raman spectrum of (bottom) and of the corresponditg\NO,~ isotope labeled complex (top).

sensitive mode is observed at 11827¢rim the IR spectrum  accidental mode mixing ofs(N—0O) with a small band
that shifts to 1156 cmt upon >N labeling. This feature  around 1185 cm, which vanishes upon isotope labeling.
appears split in the Raman spectrum into two componentsFrom the calculations, the other component{N—0O),

at 1190 and 1176 cm. Upon isotope substitution, one band should appear about 50 cito lower energy (cf. Table 7).

is found at 1161 cm'. Since this mode is strongly IR and However, we were not able to identify this mode in the
Raman active, it is assigned tg(N—OP) in agreement with  experimental spectra. One component of the-N3-O

the calculations (predicted: 1106 cH The fact that this bending mode is identified with the isotope sensitive bands
mode appears split in the Raman spectrum is due toat 851 cm? in the IR spectrum. In the Raman data, this
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tion or rearrangement of the ligand sphere occurs upon
solvatisation of the nitrato complex. This even occurs in a
noncoordinating solvent such as dichloromethane as shown
in Figure S10. For the U¥vis region, mull absorption
spectra have therefore been recorded; however, the obtained
quality of the data is rather poor which limits the interpreta-
tion. In general, the electronic spectra (especially MCD) of
the Cu(ll)y-nitrato and—nitrito complexes with the same
type of coligand L and O-bound nitrite are comparable in
their overall appearance as already described above. This is
also the case here for the nitrato and nitrito compounds with
L1". In the NIR region, two weak bands are observed (bands
1 and 2), which give rise to a pseudoeterm signal in the
MCD. Therefore, these are assigned to the Guial Cu-
de—y2 and Cu-g, to Cu-de_y2 transitions. In the essentially
square-planar coordination environment (plus the smait Cu
042 interaction) of comple4, the other d&-d transitions are
likely located at lower energy. One of them is probably
identified with the weak absorption feature at 7507 &¢ém
At higher energy, two characteristic negative bands are
observed between 23 000 and 28 000 &érm the MCD
spectra of4 (bands 3 and 4). The corresponding absorption
bands have am of 500-1300 Mt cm™. These features
- o LY —vis absorori . ) o correspond to bands 5 and 6 of the hydrotris(pyrazolyl)borate
Tlr?g;ebsofption sgéit?urioi?:ﬁ:égirg raer;;ion Wassrrt)e?:((:)trréjg(]j En(;nlgglr)disk Complgxes (Vlde s'u.pra) and, hence, are_ aSSIgned to corre-
at 20K; in the NIR region, the material was pressed between sapphire Sponding CT transitions. For compldxan intense absorp-
windows and recc_)rded at 20K (see_ Experimental Sec_tion). Th_e MCD tion is observed around 35 000 Ch-(band 5) with are of
spectrum was ob@amed on mulls. Also included are Gaussians obtained fr°m~2000 M cm L, which is assigned to a CT transition
a simultaneous fit of these data. . .
between copper(ll) and the bis(pyrazolyl)methane ligand.
feature is observed at 853 ctn Surprisingly, this band is ~ Again, this is similar to the results for the hydrotris-
by far the most intense feature in the Raman spectéa(af ~ (pyrazolyl)borate complexes (here: band 7). For the nitrato
an excitation wavelength of 488 nm). Hence, this band is complex [Cu(L1)(5*-NOs)Z], this transition can probably
assigned to the symmetric combination of the t(®— be identified with band 4a, although the bVis assignments
N—0) coordinates. The corresponding antisymmetric mode are complicated by the low quality of the mull spectra
is identified with the weak Raman feature at 804-énin obtained for this compound. Importantly, neither the mull
the FIR region, two bands are observed at 378 and 348 cm nor the KBr nor the solution data of [Cu(L)}(»'-NOs),]
that shift to 374 and 344 cmh, respectively, in thé>NO,~ show further bands between 35000 and 42 000 cm
complex. These are assigned to the symmetric and antisym-Therefore, the feature at about 39000 ¢rn complex4
metric combinations of the two symmetric €0 stretches, ~ Wwith ane of ~2500 M™* cm™* (band 6) is associated with a
respectively. These modes are also observed in the Ramaw-CT transition involving nitrite and copper(ll). This feature
spectra at comparable energies. probably corresponds to band 6a in the MCD spectrum of

Besides these fundamentals, two more isotope sensitive4, Whose position is uncertain due to the fact that the signal
bands are identified in the Raman spectra @it 1701 and  intensity becomes very low above 38 000 ¢rim the MCD.

1620 cm! (cf. Figure 11). The former is assigned to an All band positions from a simultaneous fit of the absorption
overtone of the 853 cm feature, whereas the latter must and MCD data are given in Table 9.

correspond to a combination mode, for example of the 1325
cm ! feature with the (unassigned) metdigand vibration

at 300 cm?. Altogether, a very detailed picture of the The structural and spectroscopic studies on copper(ll)
vibrational structure of the Cu(H)(ONO~), unit is available nitrito complexes using the related tripodal coligands tris-
for 4 due to the high quality of the obtained data. (pyrazolyl)methane (1) and hydrotris(pyrazolyl)borate (1)

C.3. Electronic Spectra. The UV—vis absorption and  and dipodal bis(pyrazolyl)methane'(Lpresented here allow
MCD data of compound [Cu(L)(*-ONQ),] (4) are shown for the determination of the properties of these systems as a
in Figure 12 together with the results of a simultaneous function of the applied coligand. In the case of anionic
Gaussian fit of these data. In comparison, the spectra of thehydrotris(pyrazolyl)borate complexes, one nitrite is bound
corresponding nitrato compouns) @re shown in Figure S10.  in an#?-0,0 bidentate mode to the copper(Il) center. There
In the case 056, absorption spectra recorded in solution and is an important difference between the complexes depending
in KBr do not line up with the MCD and solid-state on whether there are sterically demanding pyrazolyl substit-
absorption data. This indicates that some kind of isomeriza- uents present in the coligand or r[étUsing the less

Summary and Conclusions
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Table 9. Results of the Simultaneous Gaussian Fit of the Absorption and MCD Spectra for the Compounds' JGHONO),] and
[Cu(L1")(5"-NOs),]

[Cu(L1")(7'-ONOY,] (4) [Cu(L1")(5'-NO3)7] (5)
band Vmax(cm™1) emax(M~tecm™1) Ae [T fa Vmax (CM™1) emax(M~tecm™) Ae [T fa

7507 6.5 (¢] 0.0001
1 11 384 40.8 Q 13.7 0.0006 12 631 130.0 Q 104 0.0022
2 15426 110.8 Q —29.9 0.0019 15931 108.3 Q —27.0 0.0017
2a 19 750 38.0 9] —-1.9 0.0007
3 23845 535.7 —6.8 0.0127 23133 —4.9
4 28770 1372.2 —22.5 0.0419 28 307 (1399) M —26.7 (0.031)
4a 32380 (1167) M 4.6 (0.025)
5 35 306 23125 0.0650
6a 37050 5.1
6 39049 24519 0.0445

af: Oscillator strength? Q: fit of the solid-state UV-vis spectra; the other band positions are obtained from the low-temperaturgis/spectra in KBr
for [Cu(L1")(n*-ONOY,]. For [Cu(L1")(n*-NOs)z], mulls have been used instead (labeled M) which, however, do not allow for an accurate determination
of emax. © The intensity of these bands is probably overestimated due to the scattering background of the KBr disk that becomes significant at low wavelengths

demanding ligand L3, the nitrite binding mode is symmetric  and2 (distorted trigonal pyramidal) is reflected by the four
and from EPR, the complex has the usually observeged d—d transitions, which are present between roughly 7000
ground state. However, the complex with the bulkier ligand and 15 000 cm' in the optical spectra. Using DFT calcula-
L3~ shows an asymmetric binding of nitrite and_agfound tions, the different coordination isomers of nitrite to copper
state. Whereas this change of the ground state is nicelyhave also been investigated. Importantly, O- and N-coordina-
reflected by the EPR spectra, the vibrational properties of tion are practically isoenergetic for Cu(l). In the case of Cu-
the complexes are hardly affected. This is a very good (1), O-coordination is favorable by-56 kcal/mol. This not
example on how second coordination sphere effects canonly explains why this is the preferred coordination geometry
influence the binding properties of a ligand and, this way, of nitrite to Cu(ll) but also implies that N-coordination might
change the electronic structure of the resulting complex.  be accessible with the right coligand.

In this case, a small change in the bulkiness of the coligand |, comparison to the crystal structure of GUR soaked
leads to a significant alteration of the properties of the metal \yith nitrite 7 the obtained coordination modes of nitrite in
site. In correlation with DFT calculations, we have reassigned complexedl and2 are different. The dihedral angles between
the vibrational spectra of O-coordinated nitrite. Whereas in o plane defined by the nitrogen and the two oxygen atoms
the previous studies it was always assumed that the asym— 4 the plane defined by the two oxygen atoms and copper
metric N—O stretch of nitrite is higher in energy than the .. 75 deg for CuNIR but only 2.3 deg fbrnd 0.1 deg for
corresponding symmetric combination, we were able to show Thjg gifference relates to the weaker coordination of the
that this is not the case. In fact, in comple)fbs;m(;l 2 NO,™ ion in NIR as evident from the larger G (nitrite)
v{N—0) is observed in the 12501300 cm™ region,  gistances, which, in turn, are due to the presence of a

whereasy a;N—_O) appears below 1200 crh _Cpmparison hydrogen bond between nitrite and Asp98 (‘third’ coordina-
of the absorption and MCD spectra of the nitrito complexes tion sphere effects).

1 and 2 with the data obtained for corresponding nitrato Apolving th tral tri d dipodal ligands nd L
compounds shows that there is no CT transition of consider- pplying the neutral tn-and dipodal figan n
leads to the coordination of two nitrite molecules to the

able intensity between nitrite and copper(ll) present in the . .
y pper(ll) p copper(ll) center in contrast to the hydrotris(pyrazolyl)borate

visible region of the electronic spectra. The observed weak . .
CT bands around 466500 nm of these compounds are most complexes. This again demonstrates that the total charge of
a ligand set, even if the charge carrier is quite far away from

likely identified as pyrazoler to Cu(ll) (SOMO) transitions.
y Py h( ) the metal site, is one of the most important second coordina-

In general, the optical spectra of the nitrito and nitrato . . _ )
compounds resemble the pattern of what has been termed©" SPhere parameters with respect to influencing the
coordination properties of the central metdl.This, of

‘normal’ copper(ll) complexes, where the-d transitions ) ; _ : "
occur at lowest energy, followed by weakCT in the visible course, especially applies to charged ligands like nitrite (and
similarly, nitrate, chloride, etc.). In the case d¢f, Iboth nitrite

region, and more intense-CT at high energy® The > ! s
assignments presented here are also in agreement with McDigands are monodentatg-O coordinated as evident from
data obtained on [GUHB(3-+-Bupz)} X] (X = CI-, CR:SOy~ the crystal structure of. The vibrational spectra show an
etc.) complexed’3 but in these cases no detailed assign- interesting coupling scheme of the four locat® vibrations
ments of the optical spectra have been given. The difference'VNere coupling between the equivalent coordinates of

in the coordination geometries betwek(square pyramidal) ~ different nitrite ligands dominates. The corresponding®
stretches are identified at 1346/1325 and 1176'cim the

(38) Solomon, E. I.; Szilagyi, R. K.; DeBeer George, S.: Basumalliick, L. SPectra. Importantly, complekis effectively four-coordinate

39) Cth. Re. 2004 (:104,. 41%—458. oo G ol (distorted square-planar). This is reflected by the MCD

Tolman, W. B.; Carrier, S. M.; Ruggiero, C. E.; Antholine, W. E.; : ; ; _ ;

Whittaker, J. W. InBioinorganic Chemistry of CoppeKarlin, K. spgctra showing a pseudosignal in the low-energy region,
D., TyekKla, Z., Eds.; Chapman & Hall: New York, 1993. which corresponds to the Cy,do Cu-dz—2 and Cu-g, to
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Cu-de-y2 transitions. The remaining two-tll transitions are  of the SOMO of the complex. This creates spin density on
located at lower energy. Again, no CT transition between the N-coordinated nitrite (about 0.4 in the calculation) and
copper(ll) and nitrite is noticeable in this case in thedV  especially on the coordinated nitrogen itself. This is not
vis region, as can be seen by comparison with the optical observed for O-bound nitrite and indicates that N-bound

spectra of the corresponding nitrato compl&xFinally, nitrite exhibits a stronger oxidation upon coordination than
applying tripodal L, a very special coordination of NOis the O-bound isomer.
observed: whereas one ligand shows the ugti@l binding, In summary, these results demonstrate that there is a

the second nitrite is N-coordinated. This mixed O/N coor- significant difference in the electronic structures of N- vs
dination of two nitrites to copper(ll) is unusual and has only O-coordinated nitrite as reflected by the vibrational properties
been observed for a few compounds beférgaken together,  and that the coordination mode of the NQligand itself
these crystal structures show that, depending on the appliectritically depends on the nature of the coligandfsh future
coligand, the O-coordinated NOin such a case can either  studies, we will use second coordination sphere effects by
be mono- or bidentate. The mixed O/N binding mode of adjusting the pyrazolyl substituents to obtain additional
nitrite is reflected by the vibrational spectra ®fshowing  N-coordinated nitrito complexes of copper(ll) to further study

the correspondingad'(N—0) mode of N-coordinated NO their electronic structures in more detail.
at 1402 cm?, which is distinctively higher in frequency than _
observed for O-coordinated NQ Vice versa, the corre- Acknowledgment. This research was supported by the
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assignments. Hence, based on these data, no final conclusiof-pg19355

about the nature of the UV spectroscopic feature8 o

possible. Finally, a special property of the d orbital based (40) we have not obtained any charged complexes such as [Cu(L1 or

Supporting Information Available: Figures of vibrational and

SOMO in N-coordinated nitrito complexes is that it shows L3)(ONE)(N%)]I_‘ OrGECL_J(Ll’)(ONO)Ffin| this react][on. Thert?lf_ore,h
: : : using charged ligands is a very useful strategy for controlling the
a strong (antlbondlng) admixture of theHOMO of the coordination number of a rather weak ligand in a transition metal

nitrite ligand (cf. Figure 5), leading to a large nitrite character complex (using nonpolar solvents).
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