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Molecular and Electronic Structure of [Mn VN(cyclam—acetato)]PF. A Combined
Experimental and DFT Study
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From the reaction of Li(cyclamacetate), MnGt4H,0O, and KPF in methanol brown microcrystals of [Mh
Cl(cyclam—acetato)]Pk (1) were obtained in the presence of air (cyctaatetic acid= 1,4,8,11-tetraazacy-
clotetradecane-1-acetic acid). The reactiorl @ aqueous Nk solution with NaOCI produced blue crystals of
[MnVN(cyclam—acetato)]PE(2). Complexesl and2 were characterized by single-crystal X-ray crystallography,

IR and Raman, electronic absorption, dhtj 13C, and!>N NMR spectroscopies. Their magnetochemistry as well

as their electrochemistry have been investigated. The complexes [MnN(eyatztato)}’2" were studied by
theoretical calculations at the DFT and semiempirical levels in order to obtain more insight into the ground and
excited states of the MiEEN unit. Structural and spectroscopic parameters were successfully calculated and
compared to experiment. A pictorial description of the bonding has been developed.

Introduction

Recently we reported the synthesis of a series of nitrido

complexes of chromium(\3,manganese(\3,and even iron-

(V)3 complexes containing spectroscopically innocent, saturated
amines derived from the macrocycle 1,4,8,11-tetraazacyclotet-
radecane (cyclam) and its pendent arm derivative 1,4,8,11-

tetraazacyclotetradecane-1-acetate (cyelagetate). These

octahedral complexes are ideally suited for studying the

electronic structure of thesé ¢h = 1, 2, and 3) configurated

M=N systems in depth because their electronic spectra are
unperturbed by ligand and ligand-to-metal based absorption

bands.

In addition, we have also investigated the corresponding

nitridocyanometalates of chromium(V) and manganesé&(V).
The complexes [M(N)(CNJ3~ and trans[M(N)(CN)4(py)]*~

(M = Cr, Mn) were also investigated by density functional
theory (DFT) method$.In general, good reproduction of the
molecular structures, vibrational, and YVis spectra was
obtained.

acetato)] in frozen solution at cryogenic temperatufed/e
have not been able to isolate and structurally characterize a
(nitrido)iron(V) species to date. Therefore, we felt that theoreti-
cal calculations using DFT methods might provide more insight
into the bonding of such a species. Before embarking on this
undertaking, we felt that it is necessary to calibrate the DFT
methodology against an experimentally well-characterized,
stable system.

We report here the synthesis, the molecular and electronic
structure of [MrYN(cyclam—acetato)]PFk (2), and theoretical
calculations at the DFT and semiempirical levels in order to
obtain more insight into the ground and excited states of the
MnV=N unit.

In recent years density functional theory has become an
increasingly useful tool to complement experimental studies.
The success of DFT is mainly due to the fact that it describes
transition metal ion containing systems more reliably than
Hartree-Fock theory. It is also computationally more economic
than wave function based methods with inclusion of electron
correlation (see ref 8 for a recent review). Although under

In a very recent report we have spectroscopically character-iheoretical dispute, the orbitals delivered by DFT allow a single-

ized the very reactive, octahedral species[gyclam—
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particle type interpretation of chemical bonding and, thereby,
lead to pictorial insight into the chemical and spectroscopic
properties of the compounds under investigafion.

Experimental Section

SynthesesThe ligand 1,4,8,11-tetraazacyclotetradecane-1-acetic acid
tetrahydrochloride and the corresponding lithium salt were synthesized
via published method%® The purity of the crude lithium salt as
determined by elemental analysis is 48% by mass, as reported
previously?

(8) (a) Koch, W.; Holthausen, M. C. AA Chemist’'s Guide to Density
Functional TheoryWiley-VCH: Weinheim, New York, Chichester,
Brisbane, Singapore, Toronto, 2000. (b) Bickelhaupt, F. M.; Baerends,
E. J. InReviews in Computational Chemistriipkowitz, K. B., Boyd,

D. B., Eds.; VCH Publishers: New York, 2000; Vol. 15, pp 1ff.
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[Mn " Cl(cyclam—acetato)]PF (1). To 6.92 g (3.32 g; 12.9 mmol)
of crude Li(cyclam-acetate) dissolved in 50 mL of degassed methanol

Grapperhaus et al.

Table 1. Crystallographic Data foi-MeCN and2

was added via addition funnel 3.03 g (15.6 mmol) of MA@H,O in 1-MeCN 2

50 mL of degassed methanol. Aft8 h reflux, the colorless reaction empirical formula  GaH2sCIFeMNNsOP  CroHasFMNNsO2P

mixture was exposed to air. To the darkened solution was added a slurry W 533.77 471.28

of 3.00 g (16.3 mmol) of KPgin 10 mL of H,0. After stirring overnight Space group P1 P2y/c

in air, the crude product was collected by filtration. From the brown 2’ 12922(21()2) 811633(21()2)

precipitate,1 was extracted in 6« 100 mL hot acetonitrile yielding a C’ A 12'529(2) 18-154(2)

pure, yellow powder upon evaporation of the solvent. Yield: 2.43 g, d, deg 11'4.20(2) 9(5

43%. Crystals suitable for X-ray analysis were obtained by ether B, deg 98.28(2) 98.74(3)

diffusion into a concentrated acetonitrile solutiorllofR (KBr; vselected v, deg 94.28(2) 90

(cm™1)): 3245 (N-H), 1638 (G=0), 1301, 1088, 1048, 1035, 840, vV, A 1103.0(3) 1854.6(4)

558 (Pk). ESI mass specm/z = 347 (347 expected for [MhCI- Z 2 4

(cyclam—acetato)}. Anal. Calcd for GsH2sN4O-MNnCIPFR;: C, 29.25; T, K 100 100

H, 5.11; N, 11.37. Found: C, 29.16; H 5.18; N, 11.44. radiationd, A 0.710 73 0.71073
[MnVN(cyclam—acetato)]PFs (2). To 0.50 g (1.01 mmol) ofl in Peaica g CNT° . 1.607 1.688

50 mL of H,O was added 1.0 mL of aqueous ammonia (25%) dropwise. #(M0 Ko), cm™ 8.63 8.75

To the resulting orange solution was added dropwise 1.0 mL of aqueous [Jenfilnzg(r)(lalﬁr?;?gbs 33?32?278 4 614812/350222

NaOCI (13% active chlorine) yielding a brown reaction mixture. After [? > 20(1)]

15 min stirring, solid Mn@was removed by filtration. The clear, green no. of params 320 244

filtrate was allowed to slowly evaporate to yield deep blue crystals of RI2[I > 241)] 0.0583 0.0350

2 within 2—3 days which were washed with a minimum of cold water R[] > 2qT)] 0.1511 0.0878

and dried under vacuum. Yield: 75 mg, 16%. IR (KB&jected(CmM 1)):

3313, 3276 (N-H), 2943-2890, 1631 (€=0), 1099, 1023, 840, 559
(PRs). Raman {seiectea(cm™): 1011 (Mr=N). ESI mass specm/z =
326 (326 expected for [MfiN(cyclam—acetato)j. UV/vis recorded in
water @max M €, M~t cm™)): 212 (450), 265 (200), 510 (20), 590
(15), 850 (1). Anal. Calcd for GH2sNsO.MnPF;: C, 30.58; H, 5.35;
N, 14.86. Found: C, 30.26; H 5.38; N, 14.93.

Physical Measurementsinfrared spectra (4684000 cnT?) as KBr

disks or as acetonitrile solutions and Raman spectra-(3600 cn1?)

NIR spectrometer with a resolution of 4 cfnFor the Raman spectra
a diode pumped Nd:YAG laset & 1064 nm) was used. UVvisible

photometer in the range of 260600 nm. Cyclic voltammograms were
recorded as acetonitrile solutions with 0.1 M tetrButylammonium

3R1 = Y|[|Fo| — IFcll/ZIFol, Rw = [YW(|Fo| — |Fc)¥ywWFe"2,
wherew = 4F/0%(Fs). Y WR2 = [S[W(Fs’ — FA/S[w(FAA™,
wherew = 1/%(F) + (aP2 + bP, P = (F2 + 2F)/3.

refined. The PE anion inlis disordered by a 45rotation along the

C4 axis of the anion. Occupancies of 0.5 were used, and both parts

were anisotropically refined.
DFT and Semiempirical Calculations. All coordinates were

as powder samples were recorded on a Perkin-Elmer 2000 FT-IR/FT- Optimized by unconstrained geometry optimization at the RI-BP86 level

using the TurboMole 5.2 program systéiBP86 specifies the local

density approximation (VWN-5 functiorid) together with the gradient

measurements were made with a Perkin-Elmer Lambda 19 spectro-corrected exchange functional of Bet¢ider exchange and the gradient

corrected functional of Perdé®or correlation. The computationally

efficient SV(P) basis of Scifier et al*” was used (this basis is of split

hexafluorophosphate (TBAHFP) as supporting electrolyte using an EG valence plus polarization quality: i.e., Cu, 14s9p5d contracted as
& G potentiostat/galvanostat (model 273A) and are referenced versus{63311/531/4L; C,N,O, 7s4pld contracted g$511/31/3; H, 4s
ferrocenium/ferrocene. Elemental analysis were performed by H. Kolbe contracted ag31}) together with the so-called resolution of the identity
Mikroanalysis in Miheim an der Ruhr, GermanyH and3C NMR (RI) approximation for the Coulomb repulsion enet§irhe auxiliary
measurements were recorded in deuterated solvents on a 400 MHZasis sets were reported by Eichkorn éfdlhe calculations employed
Bruker AMX series spectrometer. Electrospray ionization mass spectra 9rid 1 for the SCF iterations and grid 3 for the final energy and gradient
were determined using a Finnigan MAT 95 spectrometer, Finnigan €valuatior’® The geometry search was carried out in “generalized
GmbH, Bremen. Temperature-dependent magnetic susceptibilities onnatural internal coordinates” recently described by von Arnim and
solid samples were measured on a SQUID magnetometer (QuantumAhlrichs?! The convergence criteria were FGEh for the total energy

Design) at 1.0 T unless otherwise noted (2300 K) with diamagnetic
corrections made using tabulated Pascal constants.

X-ray Crystallography. A yellow crystal of1 and a blue crystal of
2 were each mounted in sealed glass capillaries. Graphite monochro-
mated Mo Ku radiation ¢ = 0.710 73 A) was used. Crystallographic
data are listed in Table 1. Intensity data for each of the compounds

and 10°8 Eh/bohr for the internal gradient norm. All calculations were
of the spin unrestricted type wittls = 0 for the Mn(V) nitrido complex

and Ms = ¥, for the Mn(VI) nitrido complex. The spin unrestricted
Mn(V) calculation converged to a closed shell state. Starting geometries
came from molecular mechanics calculations with the MM3 param-
etrization as implemented in the CAChe progr&m.

were collected at 100(2) K on a Siemens SMART CCD-detector system - : : -
equipped with a cryogenic nitrogen cold stream. The data were corrected(13) Ahlrichs, R.; Ba, M.; Baron, H. P.; Bauernschmitt, R.;"Bker, S.;
for Lorentz and polarization effects. A semiempirical absorption Ehrig, M.; Eichkorn, K.; Elliott, S.; Furche, F.; Haase, F.;dd8 M.;
tion was made using the SADABS progrénThe solution Horn, H.; Huber, C.; Huniar, U.; Kattanek, M.;"Koel, C.; Kollwitz,

correc ; ; ' ! M.; May, K.; Ochsenfeld, C.; @m, H.; Sctiger, A.; Schneider, U.;
refinements, and graphical representation of the structure were per- Treutler, O.; von Armim, M.; Weigend, F.; Weis, P.; Weiss, H.
formed using the Siemens ShelXTL software pack&gene structure TurboMole-Program System for ab initio Electronic Structure
was solved and refined by direct methods and difference Fourier Calculations Version 5.2; UniversiteKarlsruhe: Karlsruhe, Germany,
techniques. Neutral atom scattering factors were used. All hydrogen 200?(- Wilk L ) N
atoms were placed at calculated positions and refined as riding atoms(t4) Yosko. S. H.. Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

T g (15) Becke, A. D.J. Chem. Phys1986 84, 4524.
with isotropic displacement parameters. All non-hydrogen atoms were (16) Perdew, J. FPhys, Re. B 1986 33, 8822.
refined anisotropically except the minor part of a disordered acetonitrile (17) Sctier, 7A.; Horn, VH.; Ahlrichs, R.J. Chem. Phys1992 97, 2571.
molecule inl. A split atom model was used here. The major component (18) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41. (b)

with an occupation factor of 0.75 was anisotropically refined, while
the minor part with a given occupation factor of 0.25 was isotropically

(10) Theory and Application of Molecular DiamagnetisMulay, L. N.;
Boudreaux, E. A., Eds.; Wiley-Interscience: New York, 1976.

(11) Sheldrick, G. M. UniversitaGottingen, 1994.

(12) ShelXTL.Version 5; Siemens Analytical X-ray Instruments, Inc.: 1994.

Dunlap, B. I.; Connolly, J. W. D.; Sabin, J. B. Chem. Physl979
78, 3369. (c) Vahtras, O.; Alnifp J. E.; Feyereisen, M. WChem.
Phys. Lett.1993 213 514.

(19) (a) Eichkorn, K.; Treutler, O.; @n, H.; Haer, M.; Ahlrichs, RChem.
Phys. Lett.1995 242, 652. (b) Eichkorn, K.; Weigend, F.; Treutler,
O.; Ahlrichs, R.Theor. Chem. Accl997, 97, 119.

(20) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102 346.

(21) von Arnim, M.; Ahlrichs, RJ. Chem. Phys1999 111, 9183.
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Excited-state energies and oscillator strengths were computed within Scheme 1
the time-dependent density functional framework (TD-B¥Tas

implemented in the TurboMole prograthFor these calculations the m o o .

size of the molecule was reduced by deleting the carbon atoms of the AN N/\ﬂ/ | _I
. ;  deletin : o 4 ot

cyclam ligand and saturating the ligating nitrogens with hydrogens. j - MRClrato _AMeOH HN/ R

Care was taken to add the hydrogens in exactly the same orientation wN  Nj 7D TRR T N’,\/Ny

as the carbon atoms in the complete structure. In this way, the full 0

steric constraints of the ligand framework are taken into account but (cyclam-acetate) o

the smaller size of the model allows more accurate basis sets to be [(cyclam-acetato)MnCI|PFg (1)

used in the property calculations. For the TD-DFT calculation the TZVP

basis set of Schier et al?> was chosen for all atoms (this basis is of NH,OH

triple-¢ plus polarization quality: i.e., Cu, 14s10p5d contracted as Na0Cl

{62111111/331111/3}1C,N,O, 10s6pld contracted §£511111/411/

1}; H, 5s1p contracted &s311/1}). TI —‘ +

For the orbital plots the BP86 calculations on the small model were QN* =N

repeated with the program ORCA.The SV(P) basis was used to Né!\\/NM

describe the ligand and the TZVP basis on the Mn and nitrido nitrogens. S(o

The RI approximation was not used. The results of this calculation 5

were very similar to the full TZVP calculation in terms of orbital [{cyclam-acetato)Mn(N)IPFg (2)

energies and bonding parameters. The surface plots were drawn through

an interface of ORCA to the gOpenMol packdage. (nitrido)manganese(V) derivative, [MnN(cyclaracetato)]PE

Semiempirical calculations employed the INDO/S method of Zemer (2) is prepared via the N#NaOCI method first described by
and co-worker® and were also carried out with the program ORCA. B chler2®

Excited states were calculated by single excitation configuration
interaction (CIS) from the restricted HartreEock (RHF) reference
wave function for the truncated model of the [(cyclaatetato)MHN]*
complex within a 32x 28 orbital window. CI calculations with single
and double excitations from the RHF ground state (CISD) lead to an
unbalanced description that more strongly stabilized the ground state

relative to the excited states. A multireference Cl (M®&) calculation . . 1 1
with single and double excitations relative to the ground and the “d which sq'sﬁs by ,23 ,Cm (27 cn* expected) ,to 988 C.rﬁ fpr_
d” singly excited states was also carried out. This calculation treats the M=N derivative. Not unexpectedly, this value is similar

the ground and excited states on an equal footing and is expected tol© that observed fotrans[MnCI(N)(cyclam)f* (1006 cn')?
lead to a more balanced overall description. The results of this Consistent with coordination of the pendant acetate functionality

For previously reported hexadentate (nitrido)manganese(V)
complexes, the/(Mn=1“N) stretching frequency varies from
983 to 1045 cm?, depending on the donor ability of the ligand
trans to nitrido. Pentacoordinate Mné&#N complexes typically
display av(Mn=!N) of ~1050 cn11.30-33 The Raman spectrum
of 2 displays a band at 1011 crhattributable tov(Mn=*N)

calculation were similar to that of the CIS calculation. trans to nitrido. Naturally, the acetate coordination is best
evidenced in the infrared spectrum which shows/(€0)
Results and Discussion stretching frequency at 1631 chcompared to 1730 cnt for
H(cyclam—acetate}. For 1, it is observed at 1638 cm.
Syntheses and Characterization.To provide a stable, The magnetic susceptibility dfas a function of temperature
crystalline analogue of the highly reactive M{cyclam- could not be satisfactorily simulated assuming a manganese-

acetato)}, the corresponding manganese derivative and its (IIl) monomer (df S = 2). Data were collected over three
chloride precursor complex were synthesized. The synthetic €xternal field strengths and fitted using the Heisenberg, Dirac,
protocol and labeling scheme are outlined in Scheme 1. Li- van Vleck model with the spin-Hamiltonigt = —2J5-$, (S,
(cyclam-acetate) reacts with Mn(Il)@#4H,0 to yield, upon = S = 2) andg = 2.000 (fixed). The data were successfully
aerial oxidation and addition of KRFMnCl(cyclam—acetato)-  fitted assuming a small coupling constaiit —0.34 cn1*), a

PFs (1) as a crude brown solid. Pufleis obtained as a yellow ~ Z€° field splitting parametgD| of 3'3.8 le and a rhomblcr[y.
solid from the crude material after repeated extractions with parameteiE/D of 0.136. As shown in Figure 1, the magnetic

o : moment ofl measuredtal T varies from 6.94:g at 260 K to
hot acetonitrile and evaporation of the solvent. The blue 3.22 45 at 2 K and is consistent with the presence of weak

- : ) dimers held together by hydrogen bonds (vida infra) of the
(22) ?;g‘é‘t”m CACheversion 3.2; Oxford Molecular Ltd.: Oxford, UK., goid state. Magnetic susceptibility measurement2 ioidicate

(23) (a) Runge, E.; Gross, E. K. Phys. Re. Lett. 1984 52, 997. (b) a low-spin @ configuration as previously observed for other
Gross, E. K. U.; Dobson, J. F.; Petersilka, M.Density Functional (nitrido)Mn(V) complexeg:30:31.33.34The data were simulated

Theory Nalewajski, R. F., Ed.; Springer Series Topics in Current jith g significant TIP contribution of 14& 106 cm™3 mol!
Chemistry Vol. 181; Springer: Berlin, Heidelberg, 1996; p 81.

(24) (a) Bauernschmitt, R.; Ahlrichs, Rhem. Phys. LetfLl996 256, 454. and a small (0.4%) paramagnetts € 2) impurity.
(b) Bauernschmitt, R.; Heer, M.; Treutler, O.; Ahlrichs, RChem.
Phys. Lett.1997 264, 573. (29) (a) Buchler, J. W.; Dreher, C.; Lay, K.-Z. Naturforsch., B: Anorg.
(25) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Physl994 100, 5829. Chem., Org. Chenil982 37B, 1155-1162.
(26) Neese, FORCA-An ab Initio, DFT and Semiempirical Electronic (30) Du Bois, J.; Hong, J.; Carreira, E. M.; Day, M. W.Am. Chem. Soc.
Structure PackageVersion 2.0, Revision 87; Universtt&onstanz: 1996 118 915-916.
Konstanz, Germany, 2000. (31) Hill, C. L.; Hollander, F. JJ. Am. Chem. Sod982 104, 7318-
(27) Laaksonen, LThe gOpenMol effortVersion 1.4; Espoo, Finland, 2000 7319.
(obtained from http://www.csc.fi¥laaksone/gopenmol/gopenmol.ht-  (32) Du Bois, J.; Tomooka, C. S.; Hong, J.; Carreira, E. M.; Day, M. W.
ml). Angew. Cheml997, 109, 1722-1724;Angew. Chem., Int. Ed. Engl.
(28) (a) Ridley, J.; Zerner, M. CTheor. Chim. Actal973 32, 111. (b) 1997 36, 1645-1647.
Bacon, A. D.; Zerner, M. CTheor. Chim. Actal979 53, 21. (c) (33) Buchler, J. W.; Dreher, C.; Lay, K.-L.; Lee, Y. J. A.; Scheidt, W. R.
Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff, U. Inorg. Chem.1983 22, 888—-891.

T.J. Am. Chem. S0d.98Q 102, 589. (d) Anderson, W. P.; Edwards, (34) Niemann, A.; Bossek, U.; Haselhorst, G.; Wiehardt, K.; Nuber, B.
W. D.; Zerner, M. C.Inorg. Chem.1986 25, 2728. Inorg. Chem.1996 35, 906-915.
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Figure 1. Temperature dependence of the magnetic mom@ntes
(us), and molar magnetic susceptibilit), ymo (€Mu), ofl (calculated
per dimer). The solid line represents the best fit to the data (see text).
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Figure 2. Electronic spectrum o2 recorded in HO.

Based on the magnetic susceptibility results, it is not
unexpected that thtH and3C NMR spectra of (Figure S1
of the Supporting Information), recorded in,®, display
chemical shifts and line widths typical of diamagnetic com-
plexes. Due to conformational restraints enforced upon the
cyclam by metal coordination and the reduction of symmetry
resultant from the functionalization of one nitrogen, each carbon
and hydrogen atom i is magnetically inequivalent. Hence,
the 12 carbon atoms of are represented by 12 unique
resonances in th®C NMR spectrum. The pair of resonances
at 26.0 and 27.6 ppm are assigned to the apical carbons of th
propylene linkers, while the resonance at 180 ppm clearly

represents the carboxylate carbon. The other 9 resonances fo
the carbons adjacent to the amine donor atoms occur between

49.2 and 68.2 ppm and have not been specifically assigned.
The integration of théH spectrum is consistent with the solid-
state structure (vida infra), and th& NMR. The coupling is
similar, albeit more complicated, to that observed in [Pt(cyclam)]-
(ClOy); for which a full assignment has been maée.

The 15N NMR spectrum was recorded in,0 on a sample
of 2 which had been enriched at the terminal nitrido WitN.

The spectrum is dominated by a single resonance at 699 ppm

versus nitromethane. Such extreme deshielding of the nitrogen
nuclei has been previously observed with other (nitrido)-
manganese(V) complexés.

The electronic spectrum ¢ is shown in Figure 2 and is
summarized in Table 2. Not unexpectedly, the spectrum of 2 is
quite similar to that observed for the serieans[Mn(N)(Y)-
(cyclam)]" (see Table 2) and a similar band assignment can be
made? These assignments were corroborated for the previous
series by calculations using the angular overlap model. Extend-
ing these results to the spectrumayfthe assignments of band
I (*A1— 3E, dyy — Oy, 0zy), band Il (A1 — 1E, dy — Oz, ),
and band Il {A; — %A, diy — dey») are attributed to the

(35) Chandrasekhar, S.; Waltz, W. L.; Prasad, L.; Quail, J.CAn. J.
Chem.1997, 75, 1363-1374.

Grapperhaus et al.

bands observed at 11 800, 16 700, and 19 900'cmespec-
tively. The expected transitiorA; — 1By (dyy — dp) is
tentatively assigned to the band at 37 700 €1¢265 nm). This

is approximately 5500 to 7300 crhhigher in energy than that
observed in the serigsans[(cyclam)Mn(N)(Y)]*. However,

for this series it was postulated that the ligand, Y, trans the
nitrido is labile in solution and displaced by solvent, as
evidenced by the similarity of the UV/vis spectra throughout
the series. Displacement of the tethered acetate functionality
by solvent is less likely. (In fact, there is a negative shift in the
potential of the MM"Y redox couple with respect to the series
trans[(cyclam)Mn(N)(Y)]*, and only a single peak is observed
in the ESI-MS of2, which is attributed to [Mn(N)(cyclam
acetato)].) Hence, the presence of a strongedonor in the
position trans to nitrido ir2 will destabilize the g orbital, thus
raising the energy of the transition, with respect to the earlier
series of compounds.

The molecular structures df and 2 have been determined
by X-ray crystallography. Each of the cations is hexacoordinate,
pseudooctrahedral with the four cyclam nitrogens occupying
the equatorial positions and the carboxylate oxygen filling one
of the axial sites. The sixth ligand, trans to the carboxylate, is
chloride for1 and nitride for2. A list of selected bond lengths
and bond angles is provided in Table 3. In each of the
complexes, the cyclam adopts the most favored trans Il
configuration as defined by Bosnich et3él

Crystals of1 contain a [MnCl(cyclam-acetato)f cation,
shown in Figure 3, two acetonitrile molecules, and a single
uncoordinated hexafluorophosphate anion. As shown in the
partial packing diagram, Figure S2 of the Supporting Informa-
tion, each [MnCl(cyclamracetato)f cation is linked to two
neighboring cations via a pair of interactions between CI(1) and
the hydrogen of N(2) (N(2)-Cl(1) = 3.22 A) resulting in a
Mn---Mn distance of 6.45 A and a pair of H-bond linkages
between N(4) and O(2) (N(4yO(2) = 2.77 A) resulting in a
longer Mn--Mn distance of 7.27 A. As expected for Mn(lll)
(d%), 1 experiences a JahiTeller elongation along the €l
Mn—O axis: Mn-0, 2.103(3) A; Mn-Cl, 2.491(1) A. The

*Mn—CI bond is only slightly longer 0.028 A) than the

Plistance 2.463(2) A observed in the dicationic [MnCl(cyctam
midazole)f+.3” The four cyclam nitrogens form a distorted
plane with a mean deviation of 0.059 A. The MNamine
distances of 2.034(3) and 2.026(3) A for N(2) and N(4) are in
the range observed for other manganese cyclam compiéXxes.
The Mn—Ngamine distance to the tertiary amine N(1) is, as
expected, slightly longer (2.079(4) A) than the distance to N(3)
of 2.070(4) A which is trans to the N(1).

Crystals of2 consist of [Mn(N)(cyclam-acetato)] cations
shown in Figure 4 and well-separatedsPRnions. The M-
Namine distances o are unchanged within experimental error
from 1 even though the manganese has been formally oxidized
by two electrons. The short MlNpiido distance of 1.537(1) A
fits within the range observed for the series of [(cyclam)(Y)-
MnVYN] complexes previously reportédThe Mn—O bond of
2.126(1) for2 (low-spin Mn(V)) is actually longer than that
observed in the JahtTeller elongatedl (high-spin Mn(lIl))
due to its position trans to the strongtydonating nitrido ligand.

In fact, and as observed with other (cyclam)(nitrido)Mn(V)-
complexes, the Mn ion sits 0.212 A above the distorted plane

(36) (a) Bosnich, B.; Poon, C.-K.; Tobe, M. Inorg. Chem1962 4, 1102
1108. (b) Adam, K. R.; Atkinson, |. M.; Lindoy, L. Anorg. Chem.
1997 36, 480—481.

(37) Kimura, E.; Shionoya, M.; Yamauchi, T.; Shiro, @hem. Lett1991,
1217-1220.
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Table 2. Electronic Spectra 02 and Related Complexes in Solution

Amax, NM (€, M~ cm™2)

complex solvent | Il 11} v ref
2 H.O 850(1) 590(15) 510(20) 265(200) this work
trans[LMn(N)(CH3CN)]* CH:CN 850(1) 581(34) 496(24) 2
H,O 844(1) 581(28) 495(19) 310(15)
HCIO2 830(1) 570(27) 493(21) 329(12)
trans[LMn(N)(CIO4)]* CH:NO, 820(1) 573(29) 497(23) b 2
trans[LMn(N)(O,CCR)]* CH:CN 850(1) 585(27) ~500(sh) ~360(sh) 2

a9.2 M HCIO, (NaClQy). P Band not observed due to solvent absorptionr= lcyclam.
Table 3. Selected Bond Lengths (A) and Angles (deg) foand 2

1 2

Mn—N1 2.079(4) Mn-N1 2.061(1)

Mn—N2 2.034(2) Mn-N2 2.032(1)

Mn—N3 2.070(4) Mn-N3 2.036(1)

Mn—N4 2.026(3) Mn-N4 2.047(1)

Mn—ClI 2.490(1) Mn-N5 1.538(1)

Mn—01 2.103(3) Mnr-O1 2.126(1)

Cl2-01 1.275(6) Ci201 1.276(2)

C12-02 1.238(5) C1202 1.239(2)

N1-Mn—N2 87.2(2) NEMn—N2 92.63(5)

N2—Mn—N3 94.7(2) N2-Mn—N3 84.85(5)

N3—Mn—N4 85.1(2) N3-Mn—N4 94.64(5)

N4—Mn—N1 93.0(2) N4-Mn—N1 85.52(5)

N1-Mn—N3 172.6(1) NEMn—N3 165.79(5)

N2—Mn—N4 179.3(1) N2-Mn—N4 170.43(5)

01-Mn—Cl 175.909) OFMn—N5  176.44(5) Figure 4. View of the molecular structure and atom labeling of the
monocation in crystals oR2. Small open circles represent amine

Q? ClI(1) hydrogen atoms. Other hydrogen atoms have been eliminated.

Table 4. Electrochemical Datafrom Cyclic Voltammetry in
Acetonitrilé’ of 1 and?2

complex E12 (AEp) (MV) ipdipc assignment
1 —380 (irr.¥ Mn(l1)/Mn(l1)
+650 (120) 1.45 Mn(IV)/Mn(lll)
2 —2080 (irr.¥
+ 990 (75Y 1.19 Mn(VI)/Mn(V)

a All potentials are measured at a scan rate of 200 mV/s unless
otherwise noted and are referenced to ferrocenium/ferrocene standard.
b ~1 mM solution with 0.1 M TBAHFP supporting electrolyte measured
versus Ag/AgNQ reference electrodé.The process is irreversible. The
potential reported is thEy,, measured at 200 mV/€Measured at 400
mV/s and—30 °C.

Table 5. Geometrical Parameters Calculated for
[(cyclam—acetato)MMN] ™ (2) and [(cyclam-acetato)MH' N]2* (2')

at the RI-BP86/SV(P) Level and Comparison to the Experimental
Structure Parameters f@r

Figure 3. View of the molecular structure and atom labeling of the
monocation in crystals ofl. Small open circles represent amine
hydrogen atoms. Other hydrogen atoms have been eliminated.

defined by the four cyclam nitrogens: mean deviation of 0.0413 Mn=N Mn—Nef Mn—OOC 6® N=Mn—0OC
A, toward the nitrido ligand. complex  (A) A A (deg) (deg)

Electrochemical Investigations.The electrochemistry of 2(calc) 1.528 2.086 2.053 263 176.3
and 2 was investigated in acetonitrile solution with 0.1 M 2 (expt)  1.537 2.030 2.126 95.9 176.4
TBAHFP as supporting electrolyte. All potentials reported are 2(calcf 1.528 2.097 2.016 96.8 172.6
referenced versus ferrocenium/ferrocene. A summary of ob- a Average of the four MrNeycan distances? Average of the four
served electrochemical potentials is provided in Table 4. N=Mn—Neycam angles. [(cyclam—acetato)MM'N]2* (2).

Complex 2 displays a single oxidation and one reduction
within the solvent window of acetonitrile. The oxidation is anionic carboxylate dondrThe reduction of2 requires very
irreversible at slow scan rates (200 mV/s) but becomes reversiblenegative potentials;2080 mV at 200 mV/s, and is irreversible
as the scan rate is increased2(5 V/s). Thus, while the even at fast scan rates. Compledisplays a reduction at380
oxidation is electrochemically reversible, the oxidized species mV in acetonitrile assignable to a M couple and a quasi-
is unstable in solution; i.e., the process is chemically irreversible. reversible oxidation at-650 mV.
Hence, cyclic voltammograms collected at low temperature DFT Calculations. (a) Geometric Structure. The fully
(—30°C) display reversible behavior at much lower scan rates, optimized structure of [MYN(cyclam—acetato)} (2) (Table 5)
400 mV/s. The oxidationE;, = +990 mV, is 270 mV more compares very well with the experimentally determined structure
accessible than the MK redox couple measured for [Mn(N)-  (Figure 4). The crucial M=N bond length is almost exactly
(cyclam)(NCCH)]*. The shift in redox potential is consistent reproduced with an error of less than 0.01 A. The other metal
with the exchange of the neutral solvent molecule with an ligand bond lengths show a larger deviation but are still
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Figure 5. Molecular orbital energy level diagram for the ground stat8 of the upper valence region derived from BP86 DFT calculations and
surface plots of the MOs.

reasonable given the level of approximation and the complete Table 6. Composition of Energies for the High-Lying Occupied

neglect of crystal packing effects. The calculations also correctly ?332 Unoccupied Valence Orbitals of [(N(HzNCH,COO)Mn'N]*
predict that the manganese ion is located slightly above the plane

spanned by the four cyclam nitrogens with an averagd/M— orbital occ? energy (V) % Mn % Nuido % COO % rest
Neyclamangle of 96.3 and the slight deviation of thesRMn—— 18, (Npy) 2 —11.943 422 37.9 6.9 13.0
OOC axis from 180. 1 (Npy) 2 —11.894 41.2 37.3 9.5 11.9

The structure of the one electron oxidized species,{Mn ig ((Z'p)Z) g _f;'gig gg'g 43651 282'29 1%13
(cycIam—{;\ce'[ato)ﬂ+ (2) is very similar; there are only minimal sz(cgg,,_p) 2 8895 3.2 18 934 17
changes in the structure upon one-electron oxidatioh dhe 26 (dx) 0 —6.982 51.4 41.3 2.2 5.0
Mn=N distance does not change at all, while the other metal  2s (dy) 0 —6.919 520 395 3.2 5.3
ligand bonds show only small changes. This is consistent with 1 ((gxz)—vz) 8 :g-i’ﬂ ;g-g 14063 111-04 4217'27
a metal centered oxidation where the electron was removed from 32 (4;2) 0 4706 339 159 124 304

a predominantly nonbonding orbital, in agreement with the
conclusions reached earlier for a closely related complex. MntN  Mn—N¢ Mn-OOC
The results demonstrate the utility of DFT methods in  wipberg bond order 3.21 0.65 0.52

predicting the structures of large metal complexes well, even ) . ) .
. - . - . Results obtained with the BP86 functional together with the SV(P)
with the rather moderate basis sets used in this study. This 'Spasis set for the ligand and TZVP for the manganese and the nitrido

an important finding because it implies that the calculations can jigand. percentage contributions were obtained fromiwdin popula-
be used with some confidence to predict the structures of short-tion analysis? Occupation numbef. The Np/Mn-d,2 bonding character
lived intermediates where an experimental structure determi-is distributed over several valence orbitfl¥he Mn—d,? is heavily
nation is not possible and which are too large to be treated mixed with the Mn-4s orbital next in energyAverage of the four
theoretically using more exhaustive basis sets. On the basis of\I"~Namine bond orders.
the theoretical structures, the properties of possible intermediatedetween the metal and the ligand) which obscures a ligand field
can be predicted and compared to spectroscopic observationgicture. Second, the highly negatively charged donor ligands,
which will ultimately give insight into reaction mechanisms. in the present case the nitrido nitrogen, have high-lying filled
(b) Electronic Structure. The ligand field around the  orbitals that are capable of forming and & bonds with the
manganese ion i@ is a distorted octahedron. For 8 slystem metal. Consequently, the high covalency is also very anisotropic,
in octahedral symmetry the manganese d-orbitals are split intowhich leads to large orbital splittings within both thgand g
atgand an gset, and from ligand field theory a triplet ground  sets.
state must arise. Howeve clearly has a singlet ground state. These are the basic effects observed in the orbital scheme of
This behavior is typical of high valent metal ions with highly the abbreviated version & namely, [(NH)3(H.NCH,COO)-
negatively charged donor ligands. The underlying reason is thatMnVN]* (3) shown in Figure 5 and Table 6. As expected, the
the high effective nuclear charge on the metal strongly stabilizes four lowest unoccupied orbitals are manganese based and
the metal orbitals and brings them energetically close to the antibonding between the metal and the ligands. Three of these
ligand orbitals. First, very strong mixing between the metal and orbitals (2a (d2), le (d-d,;)) have very large interactions with
ligand orbitals can occur (i.e. highly covalent bonds are formed the nitrido ligand and are the antibonding counterparts of the
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fully occupied orbitals 1a(Np,) and 1e (Np,) at lower energy.

Inorganic Chemistry, Vol. 40, No. 17, 2004197

Table 7. Energies of the SingletSinglet and SingletTriplet

From the formal electron count this defines a genuine manga- Ligand Field Excited States for the Truncated WihModels'

nese-nitrogen triple bond which is consistent with the very short

bond length observed experimentally at 1.537 A and a Wiberg
bond order of 3.21 calculated for this bond (Table 6). Since the
mixing of metal and ligand orbitals in these MOs is so large,

the bond has only a limited polarity consistent with the
electroneutrality principle and earlier conclusidriBhe fourth
unoccupied metal based orbital is;1fgh-,?), which is anti-

bonding with the amine nitrogens. Finally, the fifth manganese 1a; — 3 (dy— dys0d,)
based orbital is found as the second highest doubly occupied

MO and corresponds to the manganesg atbital which is

TD-DFT
(RIBP86) INDO/S
transition 3 4 5 3 4 5

TA;—1E (dy— a0y 19070 18540 18130 20250 19 420 21 740
19320 1912018780 20610 19830 22180
TA1— %A, (dy— dey?) 19800 2214022740 12160 14 950 15670
A1 — 1B (dy—d2) 31520 3168033620 28 100 38 650 30 170
IA1—3A, (dy—dey) 11720 1481015420 7480 10470 11225
12270 11750 11450 14870 14000 16 550
12740 1226012030 15280 14470 17 070

aTransition energies are given in ci[(NHz)3(H.NCH,COO)MnYN] *

essentially nonbonding (Figure 5). Thus, the formal electronic (3); model 4 is the same as mod& but with adjusted Mn-X bond

configuration at the manganese isyf8l as expected, but the

actual situation is more complicated due to the large covalency

of the Mr=N bond that leads to large charge donation from
the nitrido ligand to the manganese.

The domininant role of the nitrido ligand in the ligand field
of 2 is also clearly observed in the orbital splitting patterns.
The formally by derived orbitals 1p(dy) and 2e (g,dy,) are
split by more than 2 eV. In fact, the very largeinteraction
brings the 2e (g,0y,) close to the gderived orbital 1 (di2-?),

a situation first discussed for the \¥Ounit by Jgrgenséfiand
Ballhausen and Gra¥. Especially the latter authors have
stressed the importance of highly covalenbonding for the
understanding of the optical and magnetic properties of"VO

lengths from Table 5trans-[(cyclam)(CHCN)MNVN]%* (5).

and one with a truncated model where the meligland bond
lengths were adjusted to the experimental values in Table 5
(model 4).

The results collected in Table 7 give conflicting interpretations
on the experimental data. Both the INDO/S and the TD-DFT
calculations predict théE (dy — dx,d,,) excited state around
19 0006-20 000 cnT?, very close to the band observed at 19 900
cm L. However, this band was assigned to the (dy, — de?)
transition (vide supra and ref 2). TAA, (d,, — de-?) state is
predicted to be at 14 950 crh by INDO/S, in reasonable
agreement with the band observed at 16 700%mvhich was,

containing complexes. This very large splitting is also the origin however, assigned to tH& (dy — d.zdy,) state. The TD-DFT
of the observed singlet ground state because the splitting easilycalculation gives théA; (dy — de-y) state at 22 140 cri,
exceeds the energy required to pair two electrons in the i€, above the 'E (dy — dizdy) state, in agreement with the

manganeseyglorbital. The splitting within the e set is also large
(>1.5 eV), again due to the strorginteraction of the nitrido
ligand with the manganese that destabilizes th6@g orbital.

In addition to these orbitals there are three orbitals in the
upper valence region that can be identified with lone pairs of

the COO group.
It is also evident from the Wiberg bond orders in Table 6

earlier assignmeritHowever, the TD-DFT calculations also
predict a series of low-lying, weak carboxylate to manganese
LMCT transitions starting at~13 000 cn1? for which there is

no experimental evidence. The INDO/S calculations predict
these states at energies above 30 000%crll calculations
corroborate the conclusion drawn above about the influence of
the more strongly donating, anionic axial carboxylato ligand
that significantly increases the energy of fidg — By (dyy —

that the nitrido group exhibits a considerable trans effect. The dz) transition relative to a less strongly bound neutral ligand.

bond orders for the MaNamine bonds are larger than for the

Mn—OOC bond, although the anionic carboxylate ligand is

A similar result is obtained for the first two excited triplet
states. The INDO/S calculations give the first excited triplet as

commonly considered to be a stronger ligand than neutral 4,0 372 (dy — d¢ ) state at 10470 cm, close to the

aliphatic amines. This result is consistent with the observed bond

lengths (Table 5), which show a rather long M@ bond (2.126
A) compared to the average MiNaminebond length of 2.03 A.

experimentally observed weak band at 11 800 tend the’E
(dyy — dxz0y;) state 3006-4000 cn! higher in energy. In the
TD-DFT calculations based on the adjusted structyrthe first

That this trend in the bond lengths is not perfectly reproduced excited triplet state i3E (chy — G s), which is calculated to
by the calculations is an indication that the strength of the rans pe very close to the experimental value, and 8 (dy, —

effect in this system is somewhat underestimated by DFT. de_?) state is predicted to be2000 cnt higher in energy.

Interestingly, this is in sharp contrast to the previous observation

that for nitridocyanometalates DFT stronglyerestimateshe
trans effect.

In conclusion, the ligand field o2, and by inference also
other MiYN complexes, is strongly dominated by the highly
covalent Mr=N triple bond that leads to a very short bond

The differences in the spectral predictions between the
INDO/S and the TD-DFT calculations point to differences in
the o versuss bond strength predicted by the two methods.
While thesr interactions seem to be fairly similar, based on the
predictions for théS™1E states, the-interaction with the amine
ligands is predicted considerably weaker by the INDO/S method

length, a high charge donat_io_n to the manganese, a considerablevhich leads to the prediction of tH&\, (dky — dx2-y?) state at
trans effect, and large splittings of orbitals that are formally |ower energies than observed in the TD-DFT calculations.

degenerate in octahedral symmetry.

Excited-State Calculations.To get more insight into the
excited states of the MiN unit, TD-DFT and INDO/S-CI
calculations were carried out on the truncated model2,of
namely [(NH)3(H.NCH,COO)MnNT (3) and @). Two sets of
calculations were carried out. One with the truncated madel

(38) Jogensen, C. KActa Chem. Scand.957, 11, 73.
(39) Ballhausen, C. J.; Gray, H. Bhorg. Chem.1962 1, 111.

To shed more light on this subject a second series of
calculations was performed on a truncated model of the complex
[(cyclam)(HsCCN)MnYN]2" which had been studied in detail
before? This model is denote8. The values calculated by the
INDO/S method (Table 7) compare favorably with the experi-
mental transition energies determined in ref 2. However, the
same reversal of band assignments as tha2f@ obtained.
The TD-DFT calculations give equally good numerical agree-
ment with the experimentally observed band positions and the
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order of singlet-singlet excitationsE (dy, — dx»dy) and!A, Table 8. Values for Coulomb and Exchange Integrals be_tv_veen the
(dy — di—?)) is consistent with the assignments of ref 2. In Metal Based Orbitals o# and Predicted Zero Order Transition
ref 2 polarized single crystal data were obtained for a closely Energies
related complex, but the observed polarizations were not in orbitals Ae (eV) J(eV) +2K(eV) AE(eV) AE(cm™)
accord with the expectations from group theory fGy, 1y(dyy) — Le(d) 9.908 7.918 0724 2714 21890
symmetry. It should also be noted that all calculations predict *b(dxy) — ‘e(d,) 9.931 7.983 0.740 2.688 21680
the?A; — 1A, (dyy — de—?) to be at least an order of magnitude ~ Px(do) —~'e(de-y) 10742 9250 0552 2.044 16480
less intense thatA; — E (dy, — dy,0y,), whereas experimen- D2(Chy) — *e(d) 11.326 7626 0.796 4.496 36260
tally the difference in intensities is not more than a factor of 2.
Thus, some intensity borrowing mechanism, as put forward in evident that the exchange terms give a minor correction to the
ref 2, may indeed explain the unusual polarization pattern transition energies and that the majority of the effect is contained
observed in the single-crystal experiments. in the value ofAey — Jia, both parts of which are large.

In summary, the calculations predict excited states at energiesimportantly, the order of predicted transition energies duss
that compare well with the experimental data. The assignmentsfollow the order of orbital energies. In fact, the INDO/S
of the first observed band at 11 800 thto a singlet-triplet calculations predict the same ordering of orbitals as the DFT
transition appears to be unambiguous. Bands Il and Il can alsocalculations. This effect is due to the considerably different
safely be assigned to the ligand field transitidAs — E (dyy values of the Coulomb integrallkyxo—y> andJyyxz-that differ
— Oy 0yp) and*A; — A, (dyy — die—y?). However, their precise by more than 1 eV in the molecular orbital calculation (Table
order could not be unambiguously determined from comparison 8) where ligand field theory would predict them to be equal.
of calculation and experiment. Both INDO/S and TD-DFT cal- This difference is due to the considerably different spatial
culations are potentially useful for the interpretation of the op- characteristics of these orbitals (Figure 5). The 1g,dg)
tical properties of these systems. Assuming that the assignmentsrbitals are fairly delocalized between the manganese and the
in ref 2 are correct, as is also supported by the calculated tran-nitrido ligand while 1k (d¢-?) is mostly localized on the
sition intensities, the TD-DFT calculations give better results manganese (Table 6, Figure 5). Since the repulsion of two
for the d—d excitations but have the drawback that they predict electrons that are localized in similar regions of space is larger
a series of carboxylate-to-manganese LMCT transitions3for than the repulsion of electrons localized in different regions, it
and 4 at unrealistically low energies, which is not consistent is conceivable thaky.-y2 is larger tharl,y.y.and consequently
with the experimental observations. The INDO/S calculations that the order of excited states may be reversed compared to
on the other hand give more realistic values for these transitionsthe expectations from the one-electron orbital scheme. However,
but may get the order of thée (dyy — dx»d,) andA, (dyy — based on the discussion in the previous section, it is possible
de-y?) d—d excited states wrong. In any case, the considerably that the INDO/S method overestimates this difference somewhat,
better agreement of the calculations with experiment for the which would lead to an assignment that is reversed from the
structured, with experimentally adjusted bond lengths, compared experimental one.
to 3 is noticeable and points to the necessity of having as ac- However, it should be realized that the anisotropic electron
curate as possible structures available for accurate spectratepulsion is a characteristic feature of high-valent metal
predictions. complexes with strongly anisotropic covalency. It is this feature

Comparison to Ligand Field Theory. Finally, we wish to that makes ligand field theory a less reliable guide to the
discuss the validity of the ligand field model and the source of electronic structure and spectroscopy of these systems. In ligand
discrepancy between the INDO/S and the TD-DFT calculations. field theory the treatment of electronic repulsion assumes metal
In TD-DFT, the major contributor to the transition energy from orbitals with identical radial parts, and all anisotropy is,
the occupied orbitalto the empty orbitah is simply the orbital somewhat artificially, included in the one-electron part of the
energy differencé\e; = €4 — ¢, Wwheree is the orbital energy. ligand field. Molecular orbital theory on the other hand correctly
The ground-state MO diagram is therefore a good indicator of takes into account the actual bonding situation and acknowledges
the excitation spectrum in DFT, and it is not surprising that the that the bonds formed between the high-valent metal ion and
TD-DFT calculation gives théA; (dy, — de-?) stateabave soft, strongly electron donating ligands are much more covalent
thelE (dy — dy, 0y, state because thezdy orbital is higher in than those formed with more normal, innocent ligands.
energy than the,gd,, orbitals.

This situation is different in HartreeFock based theories,
where the singlet to singlet transition energy in zero order is
given by
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E(i—a) = Aey — Ja + 2K, Supporting Information Available: Tables of crystallographic and
structural refinement data, atom coordinates &hg values, bond

Here Ji, is the Coulomb integral between two electrons in the lengths and angles, anisotropic thermal parameters, and calculated and
molecular orbital$ anda andKj, is the corresponding exchange refined positional parameters of hydrogen atoms for compléxesd
integral. Values for the relevant integrals between the(d) 2 and figures of noncrystallographic data includittgjand **C NMR
and the four unoccupied manganese 3d-based orbitals and th@pectra oR and a_partlal packing dlagram ©f This material is available
zero order transition energies predicted from these values ¢ Of 6harge via the Intemet at hitp://pubs.acs.org.
obtained from INDO/S calculations are listed in Table 8. It is 1C001370R





