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N-confused or inverted porphyrins, a family of porphyrin isomers that contain a confused pyrrole ring connected
through its oc and 3" positions in the macrocycle, exhibit unique physical and chemical properties, like, for instance,
the ability to stabilize unusual oxidation states of metals due to the reactivity of the inverted pyrrole. In this Article,
a combined multifrequency continuous-wave and pulse electron paramagnetic resonance (EPR) study of the copper-
(I complex of N-confused tetraphenylporphyrin (TPP) is presented. By use of pulse EPR methods like ENDOR
and HYSCORE, the magnetic interactions between the unpaired electron of the compound and the surrounding
nitrogen nuclei were revealed. Through '3C labeling of the macrocycle, a detailed study of the carbon hyperfine
interaction became possible and provided further insight into the character of the metal—carbon bond. The observed
hyperfine couplings of the ligand atoms in the first coordination sphere showed the presence of a remarkably
strong o Cu—C bond and allowed for a detailed analysis of the spin delocalization over the porphyrin macrocycle.
Interestingly, it was found that the observed delocalization is approximately 11% larger than the corresponding one
for CuTPP.

Introduction potential applications. More interestingly, NCPs have re-
) ) ceived increased attention because of their remarkable

N-confused porphyrin (NCP, also known as inverted or o qency to form unique organometallic compounds. So far,
carbaporphyrin) is a relatively new isomer of the porphyrin: go. 15| stable transition-metal complexes of NCP have been

family that contain§ a EH unit in the coordinationj g:or%f.“_ synthesized, including copper(ll) N-confused tetraphe-
This macrocycle with a CNNN set of donors exhibits unique nylporphyrin [CH(NCTPP): Chart 1f.

chemical properties because it can stabilize unusual oxidation
states of metal ionsIn addition, the outer nitrogen or carbon
atoms of the inverted pyrrole can participate in an outer metal
coordinatiofi or a direct connection of aromatic suburlits,

Our initial motivation for studying this paramagnetic
compound was triggered by the presence of the rare metal
carbon bond. The characterization of the bonding situation
] ) X i »can be very useful for understanding the reactivity of
resulting in supramolecular assemblies with very interesting organometallic compounds. Continuous-wave (CW) and

E— ;. P P cas@ pulse electron paramagnetic resonance (EPR) spectroscopy
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Chart 1.  Structure of the Two Porphyrin Isomers: (a) [TGPP)] and Pulse EPR measurements at X-band (mw frequency 9.718 GHz)
(b) [CU(NCTPP)] were performed on a Bruker E580 spectrometer at 15 K. The field-
@) swept EPR spectrum (Figure 3, inset) was recorded via the free
Ph Ph induction decay (FID) following a pulse length of 500 ns. Davies
ENDOR experiments were carried out with the pulse sequence
n—T—n/2—t—n—71—echo, with ar/2 pulse of length 16 ns and a
radio-frequency (rf) pulse of length & during the timeT. The
triple-resonance spectra of Figure 5 were measured under the same
conditions with two rf pulses of length 4s; the first pulse had
a fixed frequency of 30.5 MHz, whereas the frequency of the second
pulse was swept between 25 and 85 MHz.
HYSCORE is a pulse EPR method for measuring hyperfine and
nuclear quadrupole couplings. This two-dimensional method, with
the pulse sequencd2—1—m/2—t,—n—t,—n/2—t—echo, correlates

tion spectroscopy (HYSCOREY! and electron nuclear
double resonance (ENDOR)we observed an asymmetric
spin-density distribution over the three core nitrogen atoms
of the NCTPP ligand? However, becau;e of the.small nuclear frequencies in one electron spin manifold with nuclear
natu.ral abundance éfC (1.1%), the hyperfine Coupllng. of frequencies in the other electron spin manifold. The sensitivity of
the inner carbon atom could not be observed. Herein we o HYSCORE experiment can be considerably improved by
report the results of a CW and pulse EPR study on the repjacing the second and third2 pulses by matched pulsésThe
copper(ll) complex of théC-labeled N-confused tetraphe-  nitrogen-matched HYSCORE spectra of Figure 2 at Q-band (mw
nylporphyrin [Cl (*3C-NCTPP)]. The observedC hyperfine frequency 35.3 GHz) were performed on a home-built spectrom-
coupling clearly shows the presence af €u—C bond and etet” at 20 K and recorded with the following instrumental
allows for a detailed analysis of the electronic structure of parameterst,, =t, = 16 ns; strength of matched pulses~ 30

the complex. A comparison between the two structural MHz; length of matched pulseg, = 72 ns; starting values of the
isomers [CU(TPP)] and [CHi(NCTPP)] shows that in the two \_/arlable timeg; andt,, 24 ns; time |_ncremenm =8 ns (data
N-confused complex the covalent character between theMatix 350 350); 7 = 100 ns. An eight-step phase cycle was
metal center and the directly coordinating ligand atoms is used to remove unwanted echoes. The data were processed with

the program MATLAB 7.0 (The MathWorks, Natick, MA). The

much more pronounced. Furthermoare, the data analysis 'Stime traces were baseline corrected with a two-order exponential,

accomp_anied by supporting density functional theory (DFT) apodized with a Gaussian window, and zero-filled. After a two-
calculations. dimensional Fourier transform, the absolute-value spectra were
calculated.
The CW EPR and ENDOR spectra were simulated with the
Sample Preparation. The NCP ligand 2-aza-5,10,15,20-tet- EasySpinpackage? HYSCORE spectra were simulated with a
raphenyl-21-carbaporphyrin (NCTPPHvas obtained as described ~ program written in-hous®.
by Lindsey and co-workers:'®> The 13C-enriched pyrrole needed DFT Calculations. Spin-unrestricted geometry optimizations for
for the synthesis of th&C-labeled ligand was obtained following CuNCTPP (starting structure modified from ref 20) and CuTPP
the route described by Williams et ®lusing [U43C]galactose as (starting structure taken from ref 21) were done with the Amsterdam
the primary starting material. For details of the synthetic procedures Density Functional (ADF 2006.01) pack&§eusing the BP86
including the metal insertions, see the Supporting Information.  functional with the Becke gradient correction for exchaigand
EPR Spectroscopy.CW EPR measurements at X-band were the correlation correction by PerdéiDuring this step, a Slater-
carried out on a Bruker E500 spectrometer equipped with a type basis set of triplé-quality and a single set of polarization
superhigh Q cavity. Experimental conditions: microwave (mw) functions (TZP, small frozen core) were applied. The single-point
frequency, 9.499 GHz; mw power incident to the cavity, 20 mW; calculations omitting the phenyl groups attached to the meso carbons
modulation frequency, 100 kHz; modulation amplitude, 0.1 mT. (Cu'NCPor and CliPor) for the hyperfine interactions have been
Cooling of the sample was performed with a liquid-nitrogen finger carried out using the B3LYP functional and an all-electron triple-
Dewar for T = 150 K). basis set with double polarization functions (TZ2P) with the zero-
The liquid-solution CW EPR spectra shown in Figure 4 [diluted order regular approximation (ZORAJ.It should be noted that no
in tetrahydrofuran (THF), sample concentration 5 mmol] were spin—orbit contribution to the hyperfine interactions was taken into
recorded with the following experimental conditions: mw fre-
quency, 9.856 GHz; mw power incident to the cavity, 20 mW; (17) Gromov, I.; Shane, J.; Forrer, J.; Rakhmatoullin, R.; Rozentzwaig,

Experimental Section

modulation frequency, 100 kHz; modulation amplitude, 0.02 mT; ) Y. ﬁchweigﬁr, AJ. Magn. Resor2001, 149, 196-203.
; . ; 18) Stoll, S.; Schweiger, Al. Magn. Resorn2006 178 42-55.
sweep width, 80 mT; number of points, 4096. (19) Madi, Z. L.; Van Doorslaer, S.; Schweiger, A.Magn. Resor2002
154, 181-191.

(10) Schweiger, A.; Jeschke, Brinciples of Pulse Electron Paramagnetic ~ (20) Maeda, H.; Osuka, A.; Ishikawa, Y.; Aritome, |.; Hisaeda, Y.; Furuta,
ResonanceOxford University Press: Oxford, U.K., 2001. H. Org. Lett.2003 5, 1293-1296.

(11) Deligiannakis, Y.; Louloudi, M.; Hadjiliadis, NCoord. Chem. Re (21) Byrn, M. P.; Curtis, C. J.; Goldberg, I.; Hsiou, Y.; Khan, S. I.; Sawin,
200Q 204, 1-112. P. A.; Tendick, S. K.; Strouse, C. H. Am. Chem. Sod.99], 113

(12) Murphy, D. M.; Farley, R. DChem. Soc. Re 2006 35, 249-268. 6549-6557.

(13) Mitrikas, G.; Calle, C.; Schweiger, Angew. Chem., Int. E®005 (22) Velde, G. T.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C. F.; Van
44, 3301-3303. Gisbergen, S. J. A.; Snijders, J. G.; ZieglerJTComput. Chen2001,

(14) Geier, G. R.; Haynes, D. M.; Lindsey, J.&xg. Lett.1999 1, 1455~ 22, 931-967.
1458. (23) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(15) Geier, G. R.; Lindsey, J. S. Org. Chem1999 64, 1596-1603. (24) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(16) Williams, S. R.; Maynard, H. D.; Chmelka, B. ¥.Labelled Compd. (25) van Lenthe, E.; Snijders, J. G.; Baerends, B. Chem. Phys1996
Radiopharm1999 42, 927-936. 105 6505-6516.
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Figure 1. Comparison of the X-band CW EPR spectra of [CBP] (a),
[CU'NCTPP] (b), andfeCu!' (*3C-NCTPP)] (c) diluted in [ZnTPP] powder.
The shifts ofg, and the corresponding copper hyperfine interactin
lower values for [CUINCTPP] are clearly visible. The inset shows the
magnification of the low-field region of spectrum b and contains the
following information: stick spectrum describing the contributions to the
observed splitting patteri3Cu (black) ancf>Cu (gray); the experimental
spectrum and its derivative (black) and the corresponding simulations

(gray).

account because the current implementation of the B3E¥P
functional in ADF does not allow for this. However, the influence

of this neglect has been studied by Saladino and Larsen by applying

pure generalized gradient approximation functiof&fs.

Results

CW EPR Spectra.The CW EPR spectra of [GNCTPP]

and, for comparison reasons, the one of [CuTPP] recorded

at X-band mw frequency are shown in Figure 1. Although
the [CU'NCTPP] spectra revealed features that are typical
for copper(ll) complexes with ,d,» ground state, our
previous study showed that tiygorincipal valuesy, = 2.137

+ 0.001 andgs = 2.0364 0.001 and theé3Cu hyperfine
couplingsA; = —(379 + 5) MHz andAy = +(138 & 40)
MHz are smaller than those of [CUTPP]. The sign of the
metal hyperfine couplings given in our present analysis could
be determined by the isotropfCu hyperfine coupling
obtained from a simulation of the room-temperature spectra
of [(3CU'NCTPP] in THF (see Figure 4a, thin line). Ad-
ditionally, an upper limit of the compone®; could be

(26) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785—
789.

(27) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(28) Saladino, A. C.; Larsen, S. Q. Phys. Chem. 2003 107, 5583~
5587.

(29) Saladino, A. C.; Larsen, S. Catal. Today2005 105 122-133.

derived from spectral simulations of the same compound
aligned in a nematic phase (not shown here). Here, features
arising only from in-plane interactions could be studied.
Nevertheless, a possible rhombic character of the metal
hyperfine coupling tensor cannot be excluded.

Our previous study showed that the low-field region of
the X-band EPR spectrum exhibits a well-resolved ligand
hyperfine structure with the following intensity pattern: 1:1:
3:2:5:3:5:2:3:1:1 (Figure 1, inset). Because of an accurate
simulation of this part of the spectrum, it was proven that
two of the nitrogen donors of the porphyrin core were
magnetically equivalent with a hyperfine coupling A&f~
59 + 3 MHz, whereas the third one had a much smaller
hyperfine coupling ofy; ~ 29 4+ 3 MHz.:3

Upon 2C labeling of the macrocycle, the main features
of the EPR spectrum are retained, but there is a considerable
line broadening on the order of 5 m&150 MHz) obviously
arising from the additional®C hyperfine splitting (Figure
1c). However, the poor resolution due to the complexity of
the CW EPR spectrum does not allow for an accurate
determination of thé3C hyperfine couplings.

Interactions of the Three Core N Nuclei. A more
detailed study of the hyperfine and nuclear quadrupole
couplings of the two equivalent nitrogen nuclei in the
macrocycle’s core is provided by pulse ENDOR spectros-
copy. Table 1 summarizes the determined hyperfine cou-
plings from our earlier studi?

The hyperfine interactions of the thitdN nucleus of the
porphyrin core are observed with HYSCORE spectroscopy
at Q-band. This procedure was necessary because in this case
the overlapping'H and N ENDOR peaks occurring in
X-band experimental spectra could not be well separated
using the hyperfine-contrast selectivity method because of
baseline imperfections caused by rf heating. In general,
ENDOR performed at Q-band would be the method of choice
in order to reveal the interactions caused by the third core
nitrogen. Unfortunately, technical issues dramatically reduced
the sensitivity of the used probehead in this frequency range.
Figure 2a shows the single-crystal-like matched HYSCORE
spectrum aty,. The observed peaks in the shown, (+)
quadrant originate from strongN interactions. The cross
peaks around<17,+10) and 10,+17) MHz are assigned
to single-quantum transitions, whereas the two cross peaks
at (—33.7,+19.3) and £19.3,+33.7) MHz are assigned to
double-quantum transitions withhm, +2. The latter
transitions are to first-order independent of the nuclear
quadrupole interaction, differ byv¢ = 14.4 MHz, and are
centered around the hyperfine coupling of 26.5 MHz along
this orientation. The nuclear quadrupole interaction is very
small along this orientation, as can be deduced from the
modest splitting of the single-quantum peaks. Leaving this
orientation and changing the observer position closgnto
result in a ridgelike-shaped spectrum, shown in Figure 2b.
A precise simulation of the spectra at both observer positions
allowed for an accurate determination of the spin Hamilto-
nian parameters: A, A,, A) = (26.0, 32.6, 26.0) MHz for
the hyperfine andR, Py, P;) = (+1.10,—0.96,—0.14) MHz
for the nuclear quadrupole coupling tensors.

Inorganic Chemistry, Vol. 46, No. 5, 2007 1849
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Table 1. g andA Principal Values for [CU(NCTPP)] and [CU(TPP)P

O Gy 72 Jiso ref
Cu'(NCTPP) 2.036 2.03¢ 2.137 2.070 13
CU'(TPP) 2.045 2.045 2.190 2.093 32
A [MHZ] Ay [MHZ] A; [MHz] aiso [MHZz] s [%] op [%] ref
CU'(NCTPP)  &Cu 1384+ 40 (121) 138+ 40 (163) —379+5(—493)  —344 10 (-70) d

UNy;  715+0.2(75.3) 58.3:0.2(61.6) 59.5:0.2(63.1)  63.10.2(66.7) 4.10(2.41) 8.33(6.86) 13
4N,  26.0+£05(26.8) 32.6:05(33.6) 26.0:05(27.3) 28.2-05(29.2) 1.83(1.24) 3.67(3.62) d

13¢ 146+ 3°(158) 189+ 5°(197) 1485+ 0.5(163) 161 1 (173) 5.18 (5.4) 13.92(14.2) d
CU'(TPP) 6Cu  —102.7¢353) —102.7¢353)  —615(~730) —273.5(-267.0) 32

Ny s 54.2 (58.4) 42.8 (46.0) 44.06 (47.2) 47.02 (50.6) 8@s3) 6.37(6.7) 32

UN,,  42.8(46.0) 54.2 (58.4) 44.06 (47.2) 47.02 (50.6) 32

aThe g-matrix principal values were determined from the simulation of the W-band CW EPR spectrum, while the hyperfine parameters were determined
from simulations of ENDOR and HYSCORE spectra. The values in parentheses give the corresponding DFT resultéN@P@?)] and [Cti(Por)]. For
the definition of the reference system, see FigureP@xperimental error-0.001.¢ Determined froma;s, and simulations of ENDOR spectra (Figure 3).
d This work. € Determined with the procedure described here using data of Brown and Hoffman.

Figure 3. X-band Davies ENDOR spectra ¢fCu' (13C-NCTPP)] diluted
in [Zn(TPP)] powder measured at different observer positions. Black
traces: experiments. Gray traces: simulations (for simulation parameters,

Figure 2. Matched Q-band HYSCORE spectra of [BICTPP] diluted see the text). Inset: FID-detected X-band EPR spectrum.
e e Saons (1912 Coserrr Peston are expected to be broader because of the larger number of
(b) Observer position close g (only single-quantum correlation ridges ~ Orientations contributing to the resonance. This is demon-
are shown). The broad ridges along the diagonal are artifacts originating strated in Figure 3b, where the broadening of the spectrum
Eg&réhni e”?rgﬁetﬂﬁrgitlg?d pulses and incomplete transfer of nuclear toward higher frequencies implies an anisotropic hyperfine
interaction, with the larger principal value presumably lying
Interactions of the Core 3C Nucleus. Figure 3 shows in the porphyrin plane, i.e., along the €C bond. However,
X-band Davies ENDOR spectra of tH€-labeled compound  as the observer position approaclies(Bo parallel to the
measured at different observer positions (Figure 3, inset). porphyrin plane), the ENDOR spectra become very broad
The single-crystal-like spectrum measuredgat(trace a) because of the contribution of the metal hyperfine interaction
consists of a doublet centered at 75 MHz with the two peaks (|Aj| = 379 MHz, |Ag| = 138 MHz). The overlap of th&C
split by 7.7 MHz, which deviates slightly from twice the and%Cu signals (Figure 3c) makes the estimation of the
13C Larmor frequency, 2- = 6.5 MHz, due to second-order  other principal values of th&C hyperfine coupling tensor
effects. Consequently, these two peaks are assigned to theirtually impossible.
strongly coupled carbon of the inverted pyrrole. An accurate  This difficulty can be overcome if the isotropic hyperfine
simulation of this spectrum (Figure 3a, gray trace) gives a coupling of *3C can be determined. In principle, this
hyperfine coupling of 148.5 MHz along this orientation, information can be inferred from liquid-solution EPR spectra
which is consistent with the line broadening observed in the provided that the rotational correlation time of the molecules
low-field region of the EPR spectrum (Figure 1c). is small enough to ensure averaging of the interactins.
Assuming an anisotropic hyperfine interaction, the EN- Figure 4a compares the room-temperature EPR spectra of
DOR spectra measured at higher magnetic field positions [3Cu'(NCTPP)] and f3Cu'(**C-NCTPP)] in THF. For the
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25 35 45 55 65 75 85
v /| MHz

Figure 5. X-band triple resonance of [#(13C-NCTPP)] diluted in [Zn-
(TPP)] powder measured gj. (a) Davies ENDOR spectrum. (b) Triple
spectrum withvi; = 30.5 MHz (marked by the thick arrow). (c) Difference
triple spectrum. The arrows indicate positive (up) and negative (down) peaks.

. - . the X-band Davies ENDOR spectrum of the [CdC-
Figure 4. (a) Liquid-solution X-band EPR spectra dfCu'(NCTPP)]

(thin line) and FECUI(3C-NCTPP)] (thick line) diluted in THFY = 203 NCTPP)] sample measuredgt Because th&N hyperfine
K). For comparison the spectra are normalized to their double integral. (b) coupling is positive®? the assignment of the nitrogen peaks

Absorption spectrum of*fCu!(*3C-NCTPP)] (black, thick line) and the  tg the nuclear frequencies afand electron spin manifolds
corresponding fit (gray, thick line) composed of two absorptiicy'- . . . . .
(NCTPP)] spectra of half-intensity, separated by*i@isotropic hyperfine 1S Straightforward. The triple-resonance spectrum in Figure
coupling (thin lines). 5b is recorded with a fixed rf of,; = 30.5 MHz (marked

by the thick arrow), which is resonant with the nitrogén
non+°C-labeled compound (thin line), the observed signal peak. In the difference triple spectrum (Figure 5c), two
indicates an unusually small isotro#€u hyperfine interac-  negative peaks are observed, namely, the reference peak at
tion. In addition, the superhyperfine ligand splittings are also 30.5 MHz and the high-frequendjC peak at 77.6 MHz.
resolved. More interestingly, upo®C labeling of the Therefore, the latter is assigned to the carppopeak, and
macrocycle (thick line), the spectrum becomes broader, becauseg:N g:fc > 0, we conclude that th&C hyperfine
obviously because of the strof¥ hyperfine interaction. It coupling is positive as well.
is then straightforward to deduce the isotrof3ic hyperfine The high-resolution data obtained from ENDOR and
coupling,ay;f, by matching the fCu'(**C-NCTPP)] spec-  HYSCORE experiments allow for a detailed analysis of the
trum with the sum of twoFCu'(NCTPP)] spectra of half-  spin-density distribution over the directly coordinating ligand
intensity, separated l}yl;oc During this fitting processagg atoms of the NCTPP macrocycle. Table 1 summarizes the
was the only varying parameter. A satisfactory agreement estimatedg values and hyperfine couplings together with
occurred when the separation of the twWéCuU'(NCTPP)] the corresponding interactions of the [CTPP)] complex?
spectra was 5.5% 0.02 mT, which results iaﬁg =161+ For comparison, the results of the DFT calculations for'fCu
1 MHz (Figure 4b, gray line). By using this information as (NCPor)] and [C(Por)] are also given in this table (values
a constraint and assuming an almost axially symmetric in parentheses).
hyperfine interaction, th&’C ENDOR spectra can be best

simulated with the principal valuggy| = 146 + 3 MHz, Discussion
|Ay| = 189+ 5 MHz, and|A,] = 148.5+ 0.5 MHz (Figure The interpretation of the magnetic parameters will be made
3, gray traces). within the molecular orbital (MO) theory framework first

To decide whether the observed large hyperfine interaction used by Maki and McGarve}.The local nuclear configu-
arises from positive (i_e_' direct proof oftaCu—C bond) or ration ConSiSting of the central €uion and the direCtly
negative (i.e., due to polarization effects) spin population in coordinating ligand atoms havin@z, point symmetry is
the 13C orbitals, the sign of the hyperfine coupling has to be shown in Figure 6a. A possible d orbital splitting is shown
known. The relative signs of two hyperfine couplings can in Figure 6b. Assuming a’ne-hole system, the electronic
be determined by using triple resonait€&igure 5a shows

(31) Mehring, M.; Hder, P.; Grupp, ABer. Bunsenges. Phys. Chet887,
91, 1132-1137.

(30) Finazzo, C.; Calle, C.; Stoll, S.; Van Doorslaer, S.; Schweiger, A. (32) Brown, T. G.; Hoffman, B. MMol. Phys.198Q 39, 1073-1109.
Phys. Chem. Chem. Phy&006 8, 1942-1953. (33) Maki, A. H.; McGarvey, B. RJ. Chem. Phys1958 29, 31—34.
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Figure 6. (a) Reference system with the €uion placed at the origin.
They axis is theC; axis of the localC,, symmetry. (b) Possible d orbital
splitting.

states will be described by the set of basis functions
describing antibonding MOs

|8y L= o @y — OiyyOngz — OOz — OcOc
b, 0= APy — Brummins — Bz — Boic
b=, Py, = YonaThe — VacTle
8,05 ¥1P 0 — VingdThs
&= 0Py — OnyON1z — Oz — OcOc (1)
where
®, = e o + Cd, +CS
Dy, =dyy
CI’b2 = dyz
®, =d,
D, =cd, — b o+ CS (2)

denote one-electron atomic orbitals (AOs) centered at the
central copper nucleus and

On1s = (AN2)[=0,(1) + 0,(3)] One=—0,(2) 0c = 0,(4)
Ts= AN2)r(1) = 73)] M, = —7(2) 7= m(4)
s = AN 1) — 7f3)] 7= —7f2) 7 =mf4)
Oz = (IV2)[o,(1) = 0,(3)] O =—0,(2) o= y(4()3)

denote normalized linear combinations of AOs centered at
the ligand with the following definitions:

o, =n(2p) + v1—n’(2s) and
o, =n(2p) — V1 —n*2s) withi=xy
4

In eq 4, n denotes the hybridization parameter (for a

m=(2p) withi=xy,z

schematic representation of the AOs, see Figure S1 in the(35)

Supporting Information).
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Metal-Dominated EPR Parameters.The g values (for
simplification reasons, ignoring ligand AOs) are giverity
=g, + Ag, = 2.0023+ [2a%y,?

9 (¢, + V3¢, E/A(b,)

g, = Qe + Ag, = 2.0023+ [2a%y,%(c; — V3¢, &/A(ay)

g,= 0, + Ag, = 2.0023+ 8a°%c%EIA(b)  (5)
where& = 830 cn1t is the Cd" spin—orbit coupling and
A(a), A(b1), andA(by) denote positive energy differences,
as shown in Figure 6b. Th&Cu hyperfine couplings are

given by*

A = A0+ P|—a’ + %(12(012 —¢c,2— 2v3cc) +
136,135 V3c, + V3 C—ZA
T PV 7

A =A@’k + Pl —o’k + %onz(cl2 — ¢’ +2v/3c,c) —

3c, — /3¢
114 — = Ag+Ag, - ﬁ c2 Ag,
c, + «/_ 3c,
A, = A0+ P|—a’c — %laz(clz -c,))+
13c1 \/_c2A 1301+\/_02A +A ©)
g
14C1+x/_C2 14 ¢, — V3, ‘

where—Pa?c and As0°cé are the isotropic hyperfine cou-
plings due to spin polarization and contribution of the 4s metal
orbital, respectively. As can be easily seen, eq 6 reduces to
the expression for thB4, case whert, = 0 apart from the

Ay 02c? term. In eq 6,P = (ﬂol4yrh)geg%°”ﬂ68n M3y
1171 MHz is the dipolar hyperfine coupling arfds =
(87713) (ol 4th) g, CBefBn| Wad0))2 = 3559 MHz is the iso-
tropic hyperfine coupling for an electron in the copper 4s
orbital 3 The %3Cu isotropic hyperfine coupling is given
by

&= A’e? + Pl—a’c + (g, + Ag, + Ag)| (7)

Because of theC,;, symmetry, mixing of the 3d.?, 3dz,

and 4s metal orbitals is allowed (eq 2). The contribution of
4s accounts for the increased isotropic metal hyperfine
coupling observed experimentally. A possible contribution

(34) Mabbs, F.; Collison, DStudies in Inorganic Chemistry 16: Electron
Paramagnetic Resonance of d Transition Metal CompouBtvi-
er: London, 1992.

Koh, A. K.; Miller, D. J.At. Data Nucl. Data Table$985 33, 235—
253.



Pulse EPR Study of Copper(ll) N-Confused TPP

of 3dz (c; = 0) would lead to a rhombig and metal A1N(Zm 4/5
hyperfine coupling tensors (egs 5 and 6). Although an axial h'l s , o 2
g tensor was observed, eq 5 depends on too many unknown AN(2p) | = Py B oq? ~ s (11)
parameters and therefore does not allow for a definite AN2p) —5
estimation ofc,. However, from eq 6, we find
ND 20+ A
_ .| _8/3. 2V3% AXN( ) . 1 ( 2 /)
A= A= Pl = gole, + T G, - A/D)| =Py 5| ~(o + Ag/a) (12)
N 2
65 6o AD) (o + Ag/g)
H 2 _ 3 ZAgx (8) ) ) )
G~ 9 where Py is given by Py = (uo/4h)gegnSeBn Ny is the

hybridization parameter (eq 4}y is the covalency parameter
Equation 8 can be used in order to estimate the upper limit of atom N (eq 1), andRy is the Cd*—N distance. The
of a possible 3d _contribu_tion because the maximum quantitiespy{0) = |Wh(ry=0)[? and[fy 3[4, depend on the
difference|A« — Aj| is experimentally found to be smaller  choice of the AO. Table S1 (see the Supporting Information)
than 45 MHz. Assumingo® = 0.6, which is an usual  gjves the numerical values we used in the present work,
covalency parameter found for copper in the porphyrin-like cajculated with the AOs given by Cleme#tiThese values
enVironmenﬁz it is concluded (See Figure S2 in the Sup- are the same as the ones given by Koh and Nﬁﬁer_

porting Information) that22. cannot b? Iarggr _than 0.1% in Estimation of Bonding Parameters.Combined with the
order to account for a possible rhombic deviation of the metal experimental data, eqs-92 can be used for the estimation

hyperfine (;,olupling, _:_A;]hiChf canr_lo'ihbefechILJ_ded W‘tlh"? the of the bonding parametersanda’ and the spin populations
e>;per|2:?2 g error. Therelore, in Ihe Toflowing analysis, = (1 — n?a’2 andp, = n2a’2 of the ligand atoms in the
was s ) ' ) i _ first coordination sphere. However, because tim&nown

. Equation 7 can be used in order to estimate the qqntnbu— covalency parametex (contribution of the metal AO) is
tion of the copper 4s orbitaks. However, the empirical iy olved in the through-space dipolar part of the hyperfine
parameterc.descrlplng the gontrlbuthn qf the core p.olanza- coupling (see eq 12), an accurate solution of the problem
tion to the isotropic hyperfine coupling is involved in €9 7. reqyires the implementation of an iterative procedure. During

Because the contribution of the core polarization is not g the bonding parameters should form a self-consistent
supposed to dramatically change upon changing the ligandgqtion for eqs 9-12. In addition, the following normaliza-
SyStem from TPP to NCTPP, we have used the valae tion condition should be fulfilled:

0.4559, deduced from ref 32.

Ligand Hyperfine Couplings. For ao orbital involving
an arbitrary ligand atom N in the first coordination sphere
and pointing along the metaligand direction (principal

axis g, for example, atoms Nand N; in Figure 6a), the ) )
principal values of the ligand hyperfine tensor are given Where overlap integrals between ligand AO have been
by omitted. To use eq 13, the three overlap integidlg|oni3l)

[d.ionzl] and [Dyjoc] have to be calculated (see the
N_ N N N N Supporting Information). In this work, three different cases
Ac = 8d28) T A1(2R) + Ad(D) + Ax(2p) of ligand valence states have been considered: (1) all atoms
N N N N N were considered to be neutral; (2 and 3) a doubly positively
Ay = ai(2s)+ Ao(2p) + A(D) + Ax(2p) charged copper atom with two negatively charged ligand
atoms (either W3 or N, and C) has been assumed. These
A =al(2s)+ AN(2p) + AY(D) + AY'(2p)  (9) limiting cases sufficiently describe the “real” situation. The
necessary overlap integrals between metal and ligand AOs
In the above expressions, the first terms are the isotropicused in the present analysis are given in Table S2 of the
hyperfine coupling (s character of tieebond), the second  Supporting Information. The AOs have been constructed
terms give the through-bond anisotropic hyperfine coupling using the expansion coefficients and orbital exponents given
(p character of the: bond), and the third terms describe the in ref 37. The distanceRy;ns = 2.07 ARy, = 2.02 A, and
through-space dipolar interaction. The last terms are intro- Rc = 1.96 A used for the calculation of the overlap integrals
duced to take into account a possible orthorhombic hyperfine were taken from a DFT-based geometry optimization.
tensor found experimentally, indicating a contribution of out-  Following a similar procedure applied by Lorenz and
of-planesr bonding. The terms are defined by Giunthard3® the bonding parameters were estimated using
egs 9-12, the normalization condition (eq 13), the constraint
a (25)= %TPN|‘P2'S(rN=O)|2(1 —n Aoyl (10) c? + ¢ =1, and eq 7 describing the isotropic hyperfine

2 ;2 ;2 12 I
o+ oy, o, o — oag [P o
oo [P, oy 00— oo [ @, o= 1 (13)

(37) Clementi, EIBM J. Res. De. 1965 9, 2, supplement.
(36) Schweiger, AStruct. Bondingl982,51, 1—-119. (38) Lorenz, A. R.; Gathard, H. H.Chem. Phys1976 14, 327—344.
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Table 2. Bonding Parameters (Hybridization Coefficients) for the
[CU'(NCTPP)] Complex

Cu Cuwt Cuwt

(N13 N2, C) (N3 N2, CY) (N137% Np, C)
o2 0.6191 0.5293 0.4974
c1? 0.9012 0.9099 0.9138
(] 0.0988 0.0901 0.0862
oNi? 0.2486 0.2510 0.3096
NN 0.8188 0.8208 0.8478
o2 0.0550 0.0692 0.0567
NN2 0.8167 0.8478 0.8230
oc? 0.1909 0.2512 0.1945
nc 0.8537 0.8792 0.8566
[@a1]on130] —0.0072 —0.0396 —0.0785
[@a1]on20 0.1994 0.1881 0.1646
[@a1|oc] 0.2316 0.2170 0.1973

Table 3. Calculated Spin Populations (%) at Ligand Aténasid sfj

Hybridizations pp/ps) Using the Values of Table 2

Cu Cuwt Cuwt
(N13 Nz, C) (N3 N27L, CY (N1,37% N2, C)
phie 410 4.10 4.35
p”;‘m 8.33 8.46 11.13
plgplhs 2.03 2.06 2.56
p;\lz 1.83 1.94 1.83
sz 3.67 4.97 3.84
ool 2.00 2.56 2.10
o 5.18 5.70 5.18
p’(j 13.92 19.41 14.27
oGS 2.69 3.40 2.76
pL b 49.45 57.14 56.08

aSpin populations were calculated as follows: for atomsaNd N,
pgll,a = (1/2)(1 — nndohi? and pg‘” = 1/2 nn12ai2; for atoms N and C,
pReC = (1 - o, Aativz, 2 and pgzﬂ = nn,oiz,c2 P Total spin population
at the four directly coordinated ligand atoms.

coupling of the metal. The results are summarized in Table

2. In addition, the spin populations and hybridizations of the
ligand atoms are listed in Table 3.

From Table 2, an upper limit of the contribution of the
copper 3¢ orbital to the singly occupied MO (SOMO)
can be estimated to be?c;? = 0.558, representing the
maximum possible spin population in this orbital, neglecting
the overlap with the ligand. In a similar fashion, the
maximum contribution arising from the 4s orbital is found
to be a’c = 0.06. It can be seen that the ligand bond
hybridization deviates more from the’sgalue if the charge
of the involved atom is taken as negative. In this respect,

Calle et al.

Table 4. Bonding Parameters (Hybridization Coefficients) for the
[Cu'(TPP)] Complex, Calculated Spin Populations (%) at Ligand
Atoms, and spHybridization pp/ps) Using the Data of Brown and
Hoffman??

a2 0.7033 N 3.05
ah? 0.1885 ol 6.37
N 0.8223 PN 2.09

ot 37.71

carbon nucleus. Therefore, because actually the 4s contribu-
tion is not described in the Slater-type orbitals used in the
CU?* case (we had to use the 4s functions of the neutral
copper), we chose case 1 to be the most appropriate in the
following discussion.

On the basis of the above results, the hyperfine principal
values of the directly coordinating ligand atoms can be
written as

71. 7.9 0.8
YN,y [58.3 =63.1+[—-3.98 + |-0.41] +
59. -39 -0.4
—-0.4
—0.40 MHz (14a)
0.8
26. -1.7 —0.4 0
“N,: |32.60 =28.2+| 351 +| 0.88 + |0 MHz
26. -1.7 —-0.4 0
(14b)
146. -12.6 -1.6
Y¥%c: |189. =161.2+| 25.24 +| 3.3¢ +
148. -12.6 -1.8
-0.8
—0.83 MHz (14c)
1.6

where the order of the terms follows the definition of eq 9.
From eq 14, it is concluded that the main contribution to
the through-bond anisotropic hyperfine coupling arises from
p-characterr bonding (second terms). No contribution from
in-planex bonding is found, whereas the last terms show a
significant contribution from out-of-plane bonding for the
two magnetically equivalent nitrogens (§ and the carbon
nucleus.

To compare these results with the [CUPP)] case, we

the best agreement is reached for the case where all atomanalyzed the data of Brown and Hoffnfarn the same
have been considered uncharged. The performed DFTfashion. The data are shown in Table 4. The comparison

computation resulted in the following charge distribution
based on a Mulliken population analysi$0.5 on the central

copper atom, each-0.5 on the three core nitrogen atoms,
and —0.2 on the inverted carbon atom. This leads to a

shows that in the case of [(((INCTPP)] there is at least 11%
more spin population on the porphyrin macrocycle. This
result indicates that in the NCP complex the metajand
bond has in total stronger covalent character, in agreement

situation best described by a superposition of the two latter with the experimentally observed smaltgr In addition, the
cases. The hereafter obtained bond hybridizations well agreeanalysis of the bonding parameters shows that the covalency

with the DFT findings, resulting in hybridizations of ap-
proximately 2.3-2.4 for the metatnitrogen bonds and 3
for the carbon. Taking into account core polarization for the
ligand atoms and including bonding reduce these experi-
mental hybridization ratios noticeaBhbut do not affect the
relative differences between the nitrogen nuclei and the

1854 Inorganic Chemistry, Vol. 46, No. 5, 2007

factors of the ligand atoms', follow the orderon,’ < any'

< ac'. This clearly shows that in the [E(NCTPP)] complex
the Cu-C bond is the strongest among the other metal
ligand bonds. Furthermore, using eq 5 fgr and the
covalency parametenrs?, c¢;?, and3? ~ 1 (because no in-
planesr bonding was found), an energy differentséd,) of
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27 503 cm* can be inferred. This value is considerably larger Conclusion
than the one found for [C{{TPP)]3? indicating a stronger
perturbation of the 3d.,2 orbital. This finding is in agreement
with the larger covalent character already mentioned.

Upon comparison of the computational results obtained
for [CuPor] and [CuNCPor], the same trend concerning the
covalent character as that for the experiment is observed:
Changing the ligand system to the N-confused macrocycle
reduces the spin population on the central metal ion from
61% to_ 55.4% and_ introduces an asymmetry of the spin analysis revealed a noticeable contributier6¢o) of the
populations of the ligand. Furthermore, a 2% contribution

: . metal 4s orbital to the SOMO, which is allowed @,
of metal 4s character in the SOMO has been predicted assymmetry and accounts for the observed laf§@u isotropic

Wt? Il Ho(\j/v.ever, I Shfotlrj]ld be nptc(ejd Itha;t the exple;!menft:illlyg y hyperfine coupling. A possible contribution of the metak3d
observed Increase of the unparred electron population o %orbital (also allowed irC,, symmetry) cannot be excluded;

on ﬂ:el dwectl;(; cozrdgﬁtjr;g (:lgin%/nu?rlﬁ ! cgnnot t();_a tgc- however, on the basis of the experimental data, it is expected
curately reproduced ( inds 7.7%). The sign prediction to be very modest because our analysis gave an upper limit

of the hyperfine couplings arising from directly coordinating of approximately 0.06%

atoms, as well as their orientation, is in accordance with our To the best of our knowledge, copper complexes with NCP
fﬁ( penmen_ts an? ﬁarllder tresu’_ifsTge mzm dewatltorzjbﬁtweep ligand derivatives belong to the very rare examples of stable
€ experimentally Oetermined and computed Nyperfine ., ,,,meric organometallic copper(ll) species. Our results

para|'|r_1eterTs E?n 1be_|[cri]gnt|f|ed tc;. bet_the .'SQtLOp'C wpeDrqu_e show how powerful pulse EPR methods can be in character-
coupling (Table 1). This overestimation is inherent to izing the bonding situation of paramagnetic transition-metal-

methods generally tending to overestimate the covaféncy containing complexes.
even upon inclusion of Hartred-ock exchange. Further-

more, the experimental finding that in the CuNCTPP
complex the Cu-C bond is the strongest among the other
metak-ligand bonds is supported by a Mayer bond-order
analysis based on the DFT results: Here we find a bond
order of 0'5_38 describing the metatarbon bond, whereas Supporting Information Available: Figures S1 and S2, Tables

the metat-nitrogen bond orders are found to be between 0.41 S1 and S2, and sample preparation details. This material is available

and 0.44. free of charge via the Internet at htpp://pubs.acs.org.

In summary, we have presented a detailed CW and pulse
EPR study of the [CUNCTPP)] complex. The observed
hyperfine couplings of the ligand atoms in the first coordina-
tion sphere showed the presence of a remarkably stwong
Cu—C bond and allowed for a detailed analysis of the spin
delocalization over the porphyrin macrocycle. Interestingly,
the observed delocalization is approximately 11% larger than
the corresponding one of [&{TPP)]. Furthermore, the above
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