ELSEVIER

Inorganica Chimica Acta 263 (1997) 357-366

Inorganica
Chimica Acta

Evidence for Cu---H interactions in dinuclear Cu(I) complexes of
hindered hydrotris(pyrazolyl)borate ligands '

Salma Kiani *, Jeffrey R. Long ®, Pericles Stavropoulos **

 Department of Chemistry, Boston University, Boston, MA 02215, USA
® Department of Chemistry, University of California, Berkeley, CA 94720, USA

Received 13 March 1997; revised 9 April 1997; accepted 30 April 1997

Abstract

The structures of the synthetically useful Cu(l) compounds [Tp'®*™<Cu'],-0.5toluene (1) (Cs, sHgaB,Cu.N,,, a=13.2425(2),
b=13.9201(2), c=17.6033(3) A, @=105.137(1), B=106.730(1), y=103.548(1)°, V=2826.73(8) A3, triclinic, P1, Z=2) (TpRF =
[HB(3-R,5-R'pz);]; pz=pyrazolyl) and [Tp"B"FCu'], (2) (CeoHi4B2CU,N|, a=23.3168(2), b=14.3594(2), c=20.2819(2) A,
B=99.05(1)°, V=6706.2(1) A’, monoclinic, P2,/c, Z=4) have been examined by X-ray analysis as well as by IR and NMR to reveal a
complex pattern of B—H:--Cu interactions that persist in solution. As opposed to the structures of the pseudo-tetrahedral carbonyl adducts
[TprBoMeCu(CO)] (3) (CasHsoBCUNLO, a=15.502(4), b=9.681(2), c=19.049(6) A, =95.94(2)°, V=2843(1) A, monoclinic, Pc,
Z=4) and [Tp"®*"F*Cu(CO)] (4), the structures of 1 and 2 display an ‘inverted’ configuration at the boron atom that directs the B—H units
towards the dicopper(I) core at a position suitable for a three-center, two-electron B-H:--Cu bonding interaction. © 1997 Elsevier Science

S.A.
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1. Introduction

Since their introduction as robust metal-binding fragments,
hydrotris( pyrazolyl)borates (Tp) [1] have not ceased to
capture the imagination of coordination and organometallic
chemists by virtue of the structural divergence and opera-
tional versatility offered by this class of ligands to the applied
metallic sites. Intrinsic to the Tp®™® moiety (Tp®™® = [HB(3-
R,5-R'pz);]; pz=pyrazolyl) ? is the possibility of facile
substitution at three- and five-positions of the pyrazolyl ring
with pendant groups of widely varying stereoelectronic prop-
erties, thus enabling fine tuning of the metal-centered reac-
tivity, especially with respect to small molecules [ 2]. Indeed,
the demonstrable applicability of the Tp*® ligand [3] can
only be paralleled to the successful implementation of cyclo-
pentadienyl derivatives in a wide range of metal-based proc-
esses, the two moieties frequently imparting similar behavior
to the ligand-bound metal. To mention two prominent
examples in copper-related bioinorganic chemistry {4], the
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employment of Tp"™*? and Tp™? has been instrumental in

illuminating the mode of dioxygen binding at the dicopper
site of hemocyanin [5], while use of Tp*B* and Tp™™? has
enabled the development of models for nitric oxide adducts
of mononuclear copper in nitrite reductase [6]. The incor-
poration of sterically demanding substituents in Tp®® (espe-
cially at the three-position) reenforces a Cu(I)-stabilizing
tetrahedral geometry in [ Tp®® CuL] adducts, although at the
Cu(Il) level, distortions towards a tetragonal geometry
become apparent [ 7]. Bulky substituents at the three-position
additionally protect the metal center from dimerization, a
desirable feature if the integrity of the mononuclear sites is
to be preserved.

During our effort to investigate copper-catalyzed superox-
ide disproportionation at unique copper sites by employing
the Tp“B"Me and Tp"®** ligands [8], we became aware of
structural features pertaining to the versatile [Tp®®'Cu'],
starting materials [9] that have not been previously
addressed. Reported in this article is structural and spectro-
scopic evidence supporting the notion that in the sterically
encumbered [Tp B*M°Cu'], [7a] and [ Tp"P**™Cu'}, spe-
cies, but not in [ TpP™Cu'], [9], the ‘inverted’ disposition of
the hydrotris(pyrazolyl) borate ligand allows for, and is prob-
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ably partially dictated by, close contact between the Cu and
H-B centers.

2. Experimental
2.1. General considerations

All manipulations were performed using Schlenk tech-
niques on an inert gas/ vacuum manifold or in an Inert Atmos-
pheres dry box. Reaction solvents were dried using the
appropriate drying agents, distilled under a dinitrogen atmos-
phere and degassed prior to use. The compound [ Tp-B+MeTl]
was prepared according to a literature procedure [3r], while
[Tp“B*P*Tl1] was synthesized by adopting a method similar
to the one employed in the synthesis of [Tp®**T1] [10].
Samples of [ Tp"®“M°T1] and [ Tp*®*** T1] deuterated at the
B—H moiety were prepared by employing NaBD,. Other rea-
gents were obtained from commercial sources and used with-
out further purification. 'H and '*C NMR were recorded on
a JEOL GSX-270 NMR spectrometer. IR spectra were
recorded on a Perkin-Elmer 1800 FT-IR spectrometer. Ele-
mental analyses were performed by H. Kolbe, Mikroanaly-
tisches Laboratorium, Miilheim an der Ruhr, Germany.

2.2. Synthesis of compounds

2.2.1. [Tp"B“MeCu],-0.5toluene (1)

A simplified procedure by comparison to a previously
described method [7a] was employed. A THF solution of
[Tp*B*MeT1] (600 mg, 0.96 mmol) was added dropwise to
a slurry of CuCl (99 mg, 1.00 mmol) in THF (20 ml). A
white solid precipitated immediately. After stirring for 30
min, the reaction mixture was filtered and the solvent was
removed from the filtrate under reduced pressure. The white
residue was crystallized from toluene at —20°C (310 mg,
0.31 mmol, 67%). 'H NMR (C¢D¢): & 1.20 (s, 9H,
C(CHs,)5), 1.36 (s, 9H, C(CH,)3), 1.38 (s, 9H, C(CHj3)3),
1.61 (s, 3H, CH;), 2.2 (s, 3H, CH,), 2.3 (s, 3H, CH;),5.72
(s, 1H, 4-H(pz)), 5.82 (s, 1H, 4-H(pz)), 5.87 (s, 1H, 4-
H(pz)). 3C NMR (CD.Cl,): 8 10.58, 12.14, 12.32 (s, 3
sets of CH;), 31.04, 31.17, 31.55 (s, 3 sets of C(CH;)3),
31.93, 32.13, 32.28 (s, 3 sets of C(CH;)3), 101.92, 104.23,
105.29 (s, 3 sets of 4-CH(pz) groups), 143.52, 146.54,
147.72 (s, 3 sets of 5-C(pz) groups), 161.75, 163.55 (s, 2
sets of 3-C(pz) groups). IR (KBr, cm™): v(BH)
2410(sh), 2371(m), 2350(sh), 2310(sh), 2201(m),
2128(w). Anal. Calc. for Cs; sHgB,Cu,Ny,: C, 60.64; H,
8.30; N, 16.48. Found: C, 60.75; H, 8.58; N, 16.38%.

2.2.2. [Tp" B+ Cu'],(2)

This compound was prepared similarly to 1, using
[Tp“B*PT1] (700 mg, 0.98 mmol) and CuCl (99 mg, 1.00
mmol) to yield a white solid of 2 (320 mg, 0.56 mmol, 57%).
X-ray quality crystals were obtained by slow crystallization
from hexane at 0°C. '"H NMR (C¢Dg): 6 0.63 (d, J=6.83

Hz, 3H, CH(CH;),),0.97 (d, J=6.83 Hz, 3H, CH(CH,;),),
1.17 (d, J=6.83 Hz, 3H, CH(CH,),), 1.19 (s, 9H,
C(CH,)3), 1.23 (d, J=6.83 Hz, 3H, CH(CH,),), 1.28 (d,
J=6.83 Hz, 3H, CH(CH;),), 1.33 (s, 9H, C(CH;)3), 1.37
(s, 9H, C(CH;);), 1.57 (d, J=6.83 Hz, 3H, CH(CH,),),
2.09 (sept, 1H, CH(CH;),), 3.39 (m, 1H, CH(CH,),), 3.71
(m, 1H, CH(CH;),), 6.02 (s, 1H, 4-H(pz)), 6.03 (s, 1H,
4-H(pz)), 6.08 (s, 1H, 4-H(pz)). *C NMR (CD,Cl,): &
23.07, 23.30, 24.24, 24.27, 24.30, 24.56 (s, 6 sets of
CH(CH,;),); 25.57, 26.41, 26.81 (s, 3 sets of CH(CHs),);
31.27, 31.39, 31.61 (s, 3 sets of C(CH;);); 32.19, 32.39,
32.52 (s, 3 sets of C(CH;);); 90.66, 101.31, 101.49 (s, 3
sets of 4-CH(pz) groups); 155.34, 158.64, 159.02 (s, 3 sets
of 5-C (pz) groups); 161.83 , 161.54, 163.29 (s, 3 sets of 3-
C(pz) groups). IR (KBr, cm™Y): v(BH) 2403(sh),
2365(m), 2361(m), 2346(sh), 2340(m), 2274(w),
2253(w), 2211(w). Anal. Calc. for C¢H;g4N,,B-Cu,: C,
63.09; H, 9.18; N, 14.71. Found: C, 63.17; H, 9.10; N,
14.58%.

2.2.3. [Tp"®“MeCu(CO)] (3)

Compound 1 (130 mg, 0.13 mmol) was dissolved in 10
ml of toluene and CO was bubbled through the stirred solution
for 40 min. The evaporation of solvent afforded essentially
quantitative amounts of 4. Colorless crystals suitable for X-
ray analysis were grown by slow crystallization from toluene
at —10°C. '"HNMR (C¢Dy): 8 1.49 (s, 9H, C(CH3)3), 2.19
(s, 3H, CH,), 5.73 (s, 1H, 4-H(pz)). *C NMR (C¢Ds): &
13.1 (s, CHj), 31.3 (s, C(CH;);), 102.9 (s, 4-CH(pz)),
142.9 (s, 5-C(pz)), 160.8 (s, 3-C(pz)). IR (KBr, em ™ H):
v(BH) 2519, 2538; v»(CO) 2061. Anal. Calc. for
C,sH,oNgBCuO: C, 58.31; H, 7.83; N, 16.32. Found: C,
58.93; H, 7.65; N, 15.94%.

2.2.4. [Tp"™B“"PrCu(CO)] (4)

In a manner analogous to that applied for the synthesis of
3, the reaction of 2 (280 mg, 0.25 mmol) with CO gas in
toluene afforded 4 after slow crystallization at — 10°C (150
mg, 0.25 mmol, 51%) . Efforts to obtain X-ray quality crystals
of this compound from toluene or CH,Cl, were unsuccessful.
'H NMR (CgDg): 8 1.15 (d, J=5.4 Hz, 6H, CH(CH,),),
1.53 (s, 9H, C(CH,);), 3.61 (sept, /=54 Hz, 1H,
CH(CH,),), 6.04 (s, 1H, 4-H(pz)). *C NMR (C¢D¢): &
24.14 (s, CH(CH;),), 26.99 (s, CH(CH,),), 31.36 (s,
C(CH,),), 3247 (s, C(CH;)3), 98.99 (s, 4-CH(pz)),
154.70 (s, 5-C(pz)), 160.90 (s, 3-C(pz) }. IR (KBr,cm ™~ '):
v(BH) 2540, 2550(sh); v(CO) 2054. Anal. Calc. for
C;,Hs,NgBCuO: C, 62.14; H, 8.75; N, 14.03. Found: C,
61.93; H, 8.62; N, 13.90%.

2.3. X-ray structure determinations

Structures were determined for the compounds listed in
Table 1. Single crystals of complexes 1 and 2 were coated
with Paratone N oil, attached to glass fibers, and transferred
to a Siemens SMART diffractometer where they were cooled
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Table 1

Crystallographic data * for [ Tp*®“M*Cu'],-0.5toluene (1), [Tp“®**P"Cu'], (2) and [Tp*B*MCu(CO)] (3)

1
Formula Cs) sHgsB,Cu,Ny,
Formula weight 1020.01
Crystal system triclinic
Space group P1
z 2
a(A) 13.2425(2)
b(A) 13.9201(2)
c(A) 17.6033(3)
a(®) 105.137(1)
B(°) 106.730(1)
v (®) 103.548(1)
V(A% 2826.73(8)
T (K) 114
Color colorless
Dy (gem™3) 1.198
& (mm~Y) 0.796
Data observed (I>201) 8253
Tmaxs Tein 0.98,0.73
R® (WR,°) (%) 4.55(11.22)

2 3
CesoH;0aB,Cu,N 5 C;sH4BCuN,O
1142.26 514.98
monoclinic monoclinic
P2,/c Pc

4 4
23.3168(2) 15.502(4)
14.3594(2) 9.681(2)
20.2819(2) 19.049(6)
99.05(1) 95.94(2)
6706.2(1) 2843(1)

146 295
colorless colorless
1.131 1.203

0.678 0.795

10353 2590
0.96,0.75

5.60 (11.67) 6.93 (12.57)

2 Obtained with graphite monochromated Mo Ka (A=0.71073 A) radiation.
*R=LI|F,| — |F|1/ZIF,l.
S wRy={ZIw(F,’— F)/{ZIw(F) 112

under a dinitrogen stream. A single crystal of complex 3 was
mounted in a sealed capillary tube on a Nicolet P3 diffrac-
tometer. Lattice parameters were obtained from a least-
squares analysis of more than 30 reflections. None of the
crystals showed significant decay during data collection. The
raw intensity data were converted (including corrections for
scan speed, background, and Lorentz and polarization
effects) to structure factor amplitudes and their e.s.d.s. An
empirical absorption correction was applied to the data sets
for compounds 1 and 2.

Space group assignments were based on systematic
absences, E statistics, and successful refinement of the struc-
tures. Structures were solved by direct methods with the aid
of successive difference Fourier maps, and refined against all
data using the SHELXTL 5.0 software package. Thermal
parameters for all non-hydrogen atoms were refined aniso-
tropically, except for the carbon atom parameters in the struc-
ture of 3. In the structures of 1 and 2, all hydrogen atoms
except those associated with disordered carbon atoms (these
hydrogen atoms were not included in the refinements) were
located and refined isotropically. Both structures contain a
single t-Bu group in which the methyl substituents are dis-
ordered over two positions. The toluene solvate molecule in
1 is also disordered over two positions. In the structure of 3,
hydrogen atoms were assigned to ideal positions and refined
using a riding model with an isotropic thermal parameter 1.2
times that of the attached carbon atom (1.5 times for methyl
hydrogens). Tables of atomic coordinates and selected bond
lengths and angles for 1 (Tables 2 and 5), 2 (Tables 3 and
5) and 3 (Tables 4 and 5) are provided in the text. Further
details of the structure determinations are deposited as Sup-
plementary material.

Table 2
Atomic coordinates ( X 10*) and isotropic thermal parameters (A2 10%)
for [Tp*®*™Cu'], - 0.5toluene (1)

Atom x/a y/b z/c Uiso

Cu(1) 1733(1) 3462(1) 3064(1) 18(1)

Cu(2) 1546(1) 948(1) 2841(1) 19(1)
B(1) 2279(3) 2655(3) 4584(2) 20(1)
N(1) 2212(2) 3799(2) 4836(2) 19(1)
N(2) 1886(2) 4171(2) 4182(2) 19(1)
C(1) 1686(3) 5066(3) 4500(2) 21(1)
C(2) 1890(3) 5277(3) 5356(2) 25(1)
Cc(3) 2211(3) 4469(3) 5549(2) 23(1)
C4) 2524(4) 4339(3) 6397(2) 32(1)
C(5) 1258(3) 5667(3) 3945(2) 27(1)
C(6) 2143(5) 6116(4) 3613(3) 42(1)
C(7) 1009(4) 6580(3) 4474(3) 32(1)
C(8) 171(4) 4944(4) 3205(3) 40(1)
N(3) 3255(2) 2632(2) 4262(2) 18(1)
N(4) 3023(2) 1860(2) 3497(2) 19(1)
(o[()] 3987(3) 1988(3) 3358(2) 22(1)
C(10) 4829(3) 2847(3) 4026(2) 24(1)
C(11) 4349(3) 3230(2) 4587(2) 19(1)
C(12) 4895(3) 4088(3) 5436(2) 26(1)
C(13) 4062(3) 1227(3) 2594(2) 28(1)
C(14) 5196(4) 1670(5) 2541(4) 54(1)
C(15) 3158(4) 1097(4) 1770(3) 35(1)
C(16) 3930(4) 156(3) 2695(3) 41(1)
N(5) 2366(2) 2224(2) 5305(2) 19(1)
N(6) 3372(2) 2442(2) 5934(2) 23(1)
c(17) 3131(3) 1979(3) 6465(2) 22(1)
C(18) 1975(3) 1469(3) 6183(2) 24(1)
C(19) 1506(3) 1634(3) 5445(2) 21(1)
C(20) 311(3) 1297(3) 4866(2) 27(1)
clny 4049(3) 2104(3) 7273(2) 26(1)
C(22) 3757(4) 1100(4) 7486(3) 34(1)

(continued)
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Table 2 (continued)

Table 3
Atomic coordinates ( X 10*) and isotropic thermal parameters (A2 X 10°%)

Atom x/a y/b z/c Usso for [ Tp“B“-PrCy'], (2)
C(23) 5178(3) 2297(4) 7165(3) 35(1) Atom x/a y/b e Uso
C(24) 4118(4) 3060(3) 7992(2) 35(1)
B(2) ~270(3) 1662(3) 1974(2) 18(1) Cu(l) 2716(1) 5546(1) 2258(1) 21(1)
N(7) 454(2) 1961(2) 1465(2) 18(1) Cu(2) 2514(1) 4961(1) 3858(1) 20(1)
N(8) 1430(2) 2819(2) 1899(2) 18(1) B(1) 1636(2) 5744(3) 2813(2) 19(1)
C(25) 1843(3) 3003(3) 1314(2) 20(1) N(1) 1996(1) 6660(2) 2916(1) 19¢1)
C(26) 1140(3) 2269(3) 521(2) 24(1) N(2) 2509( 1) 6666(2) 2650(1) 20(1)
C(27) 269(3) 1635(3) 630(2) 22(1) C(1) 1895(1) 7524(2) 3131(2) 22(1)
C(28) —757(3) 775(3) —28(2) 26(1) C(2) 2344(2) 8094(2) 3013(2) 27(1)
C(29) 2877(3) 3933(3) 1525(2) 26(1) C(3) 2717(1) 7539(2) 2708(2) 24(1)
C(30) 3449(4) 3625(4) 892(3) 47(1) C(4) 1380(2) 7770(2) 3462(2) 27(1)
C(31) 3720(3) 4256(3) 2423(2) 30(1) C(5) 1161(2) 8747(4) 3266(3) 55(1)
C(32) 2487(4) 4856(3) 1411(3) 42(1) C(6) 1536(2) 7663(4) 4218(2) 49(1)
N(9) —695(2) 444(2) 1777(2) 17(1) C(7) 3275(2) 7835(2) 2465(2) 32(1)
N(10) 81(2) 22(2) 2141(2) 19(1) C(8A)® 3712(5) 7072(7) 2540(6) 51(3)
C(33) —458(3) —1010(3) 1944(2) 21(1) C(8B) ® 3282(5) 8884(6) 2352(8) 66(3)
C(34) —1584(3) —1251(3) 1455(2) 22(1) C(9A) ® 3116(5) 8095(10) 1744(6) 71(4)
C(35) —1706(3) ~321(3) 1365(2) 20(1) C(9B) * 3791(5) 7512(15) 2963(9) 118(8)
C(36) ~2755(3) ~158(3) 906(2) 26(1) C(10A) ? 3523(5) 8698(9) 2901(7) 76(4)
C(37) 136(3) —1742(3) 2219(2) 27(1) C(10B) * 3329(7) 7399(11) 1762(8) 103(6)
C(38) —735(4) —2797(3) 2042(3) 41(1) N(3) 1351(1) 5502(2) 3442(1) 19(1)
C(39) 855(4) —1258(3) 3163(2) 33(1) N(4) 1725(1) 5101(2) 3966(1) 21(1)
C(40) 880(4) —1949(4) 1710(3) 37(1) C(11) 813(1) 5561(2) 3615(2) 24(1)
N(11) -~ 1224(2) 2107(2) 1836(2) 19(1) C(12) 842(2) 5195(3) 4249(2) 28(1)
N(12) ~1611(2) 2369(2) 1135(2) 22(1) C(13) 1414(1) 4922(2) 4458(2) 24(1)
C(41) ~2416(3) 2760(3) 1232(2) 26(1) C(14) 284(2) 5966(3) 3183(2) 29(1)
C(42) ~2548(3) 2742(3) 1995(2) 25(1) C(15) —-122(2) 5206(3) 2866(3) 49(1)
C(43) ~1783(3) 2324(3) 2357(2) 23(1) C(16) —35(2) 6622(3) 3599(3) 43(1)
C(44) ~1521(3) 2112(3) 3172(2) 30(1) C(17) 1682(2) 4526(3) 5129(2) 31(1)
C(45) ~3055(3) 3129(3) 572(3) 36(1) C(18) 2043(2) 3663(3) 5050(2) 48(1)
C(46A) * ~2592(9) 3108(9) —118(7) 48(3) C(19) 1186(2) 4245(4) 5517¢2) 47(1)
C(46B) * ~2875(9) 2668(9) =297(7) 48(3) C(20) 2037(2) 5284(3) 5533(2) 44(1)
C(47A)® —4331(7) 2319(7) 168(5) 33(2) N(5) 1206(1) 5779(2) 2163(1) 22(1)
C(47B) * —4270(12) 2828(12) 437(9) 80(4) N(6) 931(1) 6602(2) 1958(1) 26(1)
C(48A)* —3099(9) 4224(8) 1003(6) 49(2) c@2n 1048(2) 5089(2) 1711(2) 28(1)
C(48B) * —2504(12) 4360(10) 894(8) 75(3) C(22) 655(2) 5471(3) 1208(2) 36(1)
C(49) 4021(9) —1261(8) 5075(6) 61(3) C(23) 599(2) 6411(3) 1379(2) 31(1)
C(50) 3375(6) —~618(5) 5034(3) 76(2) C(24) 1279(2) 4108(3) 1796(2) 35(1)
C(51) 3573(12) 236(9) 4949(6) 71(4) C(25) 1011(2) 3578(3) 2319(2) 42(1)
C(52) 4797(6) 792(4) 4957(3) 72(2) C(26) 1185(3) 3578(4) 1136(3) 55¢1)
C(53) 5430(10) 116(9) 4978(6) 66(4) C@27 222(2) T175(3) 1014(2) 43(1)
C(28) —81(4) 6817(5) 352(3) 91(3)
*s.0.f.=05. C(29) —185(3) 7547(5) 1460(3) 66(2)
C(30) 621(3) 8013(4) 874(3) 67(2)
. . B(2) 3130(2) 3708(3) 2920(2) 19(1)
3. Results and discussion N(T) 3175(1) 3717(2) 2155(1) 21(1)
N(8) 2922(1) 4480(2) 1806(1) 24(1)
3.1. Synthesis of compounds can 3364(2) 3113(2) 1720(2) 26(1)
C(32) 3222(2) 3484(3) 1084(2) 32(1)
C(33) 2947(2) 4331(2) 1155(2) 27(1)
The compounds [Tp“®*MeCu'],-0.5toluene (1) and C(34) 3680(2) 2206(3) 1894(2) 33(1)
[ Tp“BuPrCu'], (2) were synthesized by the reaction of CuCl C(3%5) 4261(2) 2202(4) 1629(3) 51D
. “BuM BuiP . C(36) 3312(3) 1386(3) 1612(3) 51(1)
with [Tp™™""*T1] [3r] or [Tp "T1] in tetrahydrofuran, C(37) 2738(2) 5035(3) 607(2) 40(1)
followed by recrystallization from toluene or hexane, respec- C(38) 2490(3) 4497(4) ~27(2) 65(2)
tively. The anhydrous method for substituting thallium for C(39) 2259(2) 5671(4) 783(2) 43(1)
potassium, as delineated in the synthesis of [ Tp*®**T1] [10], C(40) 3262(3) 5610(4) 479(3) 65(2)
is preferred in the preparation of [Tp“®"'""Tl}. Although :E?é) :gﬁg}; :‘9‘;28; ggg‘;z:; ;323
moderate bulk at the five-position of the pyrazolyl ring is c(al) 2094(1) 4677(2) 3317(2) 23(1)
considered desirable for the protection of the B-H unit and C(42) 4247(2) 5308(3) 3823(2) 28(1)
the tightening of the tridentate coordination bite [3r], exces- C(43) 3754(1) 5476(2) 4111(2) 24(1)
sive steric hindrance may lead to exposure of the B-H moiety (continued)
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Table 3 (continued)

Table 4
Atomic coordinates ( X 10) and isotropic thermal parameters ( A2X 10%)

Atom x/a ylb zle Uso for [Tp*®*MCu(CO)} (3)
C(44) 4464(2) 4271(3) 2844(2) 28(1) Atom x/a y/b zlc Uiso
C(45) 5096(2) 4192(4) 3192(3) 44(1)
C(46) 4430(2) 4849(3) 2210(2) 42(1) Cu(l) —-971(1) —3042(2) —3047(1) 4201
C(47) 3697(2) 6070(3) 4714(2) 32(1) C(49) —1127(8) —2441(16) —2178(7) 51(4)
C(48) 3651(2) 5401 (4) 5301(2) 44(1) o(l) —1149(8) —2167(13) —1611(5) 123(6)
C(49) 3165(2) 6707(3) 4583(2) 38(1) B(1) —640(11) —3874(17) —4521(9) 48(5)
C(50) 4241(2) 6674(4) 4896(3) S51(1) N(1) —1501(6) —4454(10) —4325(5) 38(3)
N(11) 3285(1) 2760(2) 3247(1) 20(1) N(2) —1823(6) —4245(10) —3696(5) 38(3)
N(12) 3846(1) 2588(2) 3547(1) 22(1) C(1) —2093(9) -5231(15) —4724(7) 58(4)
C(51) 2952(1) 1982(2) 3246(2) 22(1) C(2) —2762(9) ~5480(13) —4351(7) 52(4)
C(52) 3308(2) 1288(2) 3551(2) 27(1) C(3) —2586(9) —4883(13) —3702(7) 43(4)
C(53) 3859(1) 1695(2) 3728(2) 23(1) C(4) —3104(8) —4953(13) —3069(6) 41(4)
C(54) 2307(2) 1970(3) 2994(2) 29(1) C(5) —2563(9) —5404(15) —2407(7) 69(5)
C(55) 2098(2) 981(3) 2790(3) 50(1) C(6) —3894(9) —5902(15) —3266(7) 74(5)
C(56) 1983(2) 2335(3) 3538(2) 39(1) C(N —3416(10) —3449(15) —2949(8) 98(6)
C(57) 4415(2) 1285(3) 4102(2) 32(1) C(8) ~1919(8) —5670(14) —5461(7) 63(5)
C(58) 4392(2) 225(3) 4066(3) 48(1) N(3) —~674(6) —~2271(12) —4474(5) 43(3)
C(59) 4932(2) 1634(3) 3792(3) 42(1) N(4) -~ 800(7) —1673(11) —3822(5) 40(3)
C(60) 4487(2) 1609(4) 4831(2) 48(1) C(9) —568(8) —1332(14) —4966(7) 43(4)
C(10) —603(7) —56(13) —4664(6) 41(4)
"s.0f=05. C(1n —764(9) ~253(14) —3957(7) 47(4)
C(12) -919(9) 764(14) —-3375(7) 49(4)
to nucleophilic attack and concomitant dissociation of a C(13) —247(8) 612(15) —2753(7) 61(5)
pyrazole arm. C(14) —1863(8) 529(16) -3152(8) 76(5)
. Bu C(15) —877(10 2204(14 —3700(8 82(5
The synthesis of the carbonyl adducts [ Tp' BuMeCu(CO) ] Ci16) _414(9)) _ 1689213; —571[056; 7325;
(3) and [Tp*®*"PCu(CO)] (4) has been accomplished by N(5) 89(6) ~4441(10) ~3976(5) 3503)
passing carbon monoxide through toluene solutions of 1 and N(6) 79(6) —4257(9) —3268(5) 28(3)
2, respectively. The carbonyl species were prepared for the Ccan 781(8) —5207(13) —4079(7) 42(4)
purpose of probing the electron-donor/ acceptor properties of gs :g; 1;2223; - i;éf;E };; - gg‘gg; gzg;
the Cu(l) sites as well as for comparative structural €(20) 943(8) —4912(13) _21233 (6) 313)
assessment. c2h) 1725(8) —5825(13) —1915(7) 65(5)
Interestingly, compounds 1 and 2 in the non-coordinating C(22) 154(8) —35395(13) — 1805(6) 51(4)
toluene and CH,Cl, solvents or in the form of their aceto- C(23) 1184(9) —3456(14) —1884(7) 67(5)
nitrile adducts [Tp*®'Cu(CH,CN)] are inert towards dioxy- C(24) 972(8) —5627(15) —4786(6) 75(5)
. . Cu(2) 4387(1) —-2561(2) —5958(1) 44(1)
gen, although a faint green color is observed upon prolonged C(50) 4665(10) ~3131(16) - 5052(8) 63(5)
exposure. This is in sharp contrast to the observed behavior 0(2) 4771(10) ~13311(14) _44}34(6) 123(6)
of analogous [ TpR?Cu'], compounds (R =H, Me, i-Pr, Ph) B(2) 3940(11) —1703(18) —7466(9) 48(5)
[5,11,12]. In a postmortern publication [8a], Kitajima N(7) 3942(7) —3352(11) —74’16(5) 42(3)
and co-workers have shown that the labile DMF adduct ggs)) g;ﬁg;; :23(5)(3)8;; _%;ggg :éfi;
[Tp"B*"PCu(DMF)] dissolved in CH,Cl, is the only pre- C(26) 3921(9) — 5560(15) _76222(7) S704)
cursor species that demonstrates reactivity with dioxygen, cQn 4146(8) ~5346(13) —6902(6) 40(4)
affording the monomeric side-on superoxo compound C(28) 4331(9) —6366(13) —6273(6) 44(4)
[Tp['Bu'i'PrCu(Oz) ]. C(29) 4258(10) —7832(15) —6586(7) 89(5)
C(30) 3687(8) —6210(14) —5742(7) 60(S)
Cc@3n 5265(9) —-6152(15) —5950(7) 73(5)
3.2. Molecular structures of compounds 1 and 2 Cc(32) 3597(8) —3904(14) —8714(6) 59(4)
N(9) 3241(6) —1159(10) -7010(5) 33(3)
In a published structure of [Tp“B*™M°Cu'],-0.5(C¢He) 2: ;2)) ggizig; __1322823 :2%?8; giti;
{7a], obtained at room temperature on a crystal deposited c(34) 2160(7) Z96(12) — 6594(6) 29(3)
from benzene, the main features of the two-coordinate copper C(35) 2649(8) ~694(13) —6054(7) 40(4)
sites and pendant pyrazolyl arms have been revealed and C(36) 2529(9) —~652(14) —5255(7) 48(4)
related to those observed in the very similar structure of C(37) 2345(9) —2133(14) =5012(7) 79(5)
[Tp*B*Cu'], (CsH,g0) [9,13]. On performing a single- (3% 1793(9) 29(16) - —SI4(7) - 83(5)
. . C(39) 3334(9) —99(14) —-4833(7) 68(5)
crystal X-ray analysis of the toluene-solvated species 1 C(40) 267(8) 77013 —7965(6) 63(4)
(Fig. 1) at 114 K, we have been able to accurately reproduce N(11) 4848(7) ~1177(10) —7206(5) 40(3)
the salient characteristics of this dinuclear copper(I) com- N(12) 5177(6) —1370(10) —6513(3) 36(3)
pound. However, by virtue of successful location and refine- (continued)
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Table 4 (continued)

Atom x/a y/b 2/c Useo

C(41) 5421(9) —492(14) —7536(7) 53(4)

C(42) 6129(8) —181(13) —7086(6) 45(4)
C(43) 5973(9) —736(13) —6452(7) 45(4)
C(44) 6529(9) —730(14) —5743(7) 51(4)
C(45) 6866(9) —2184(16) ~5569(7) 90(5)
C(46) 6062(9) —141(15) —5146(7) 72(5)
C(47) 7342(10) 129(17) —5856(8) 96(6)
C(48) 5249(9) —-60(14) —8305(6) 62(4)
Table 5

Selected bond distances (A) and angles (°) for [ Tp"3*MeCu'],-0.5toluene
1), [Tp"B“"'P'Cullz (2) and [Tp"B“‘MCCu(CO) 13)

1 2 3
Cu(1)-C(49) 1.794(14)
Cu(1)-N(2) 1.884(3) 1.890(3) 2.072(10)
Cu(1)-N(4) 2.021(10)
Cu(1)-N(6) 2.087(9)
Cu(1)-N(8) 1.889(3) 1.884(3)
Cu(2)-N(4) 1.882(3) 1.896(3)
Cu(2)-N(10) 1.888(3) 1.887(3)
B(1)-N(5) 1.527(4) 1.526(4) 1.56(2)
B(1)-N(3) 1.557(5) 1.568(4) 1.55(2)
B(1)-N(1) 1.569(5) 1.557(4) 1.53(2)
B(2)-N(11) 1.519(5) 1.533(4)
B(2)-N(9) 1.564(4) 1.551(4)
B(2)-N(7) 1.549(4) 1.571(4)
C(49)-0(1) 1.117(14)
C(49)-Cu(1)-N(4) 120.1(6)
C(49)-Cu(1)-N(2) 126.5(5)
C(49)-Cu(1)-N(6) 123.4(5)
N(2)-Cu(1)-N(8) 172.75(11) 175.59(11)
N(2)—Cu(1)-N(6) 91.5(4)
N(4)-Cu(1)-N(2) 93.2(4)
N(4)-Cu(1)-N(6) 93.4(4)
N(4)-Cu(2)-N(10) 177.52(11) 173.19(12)
N(5)-B(1)-N(3) 112.2(3) 113.9¢3) 109.9(12)
N(5)-B(1)-N(1) 112.0(3) 110.8(3) 107.4(11)
N(3)-B(1)-N(1) 110.1(3) 11.5(3) 108.5(12)
N(1)-N(2)-Cu(1) 123.2(2) 116.9(2) 109.9(8)
N(3)-N(4)-Cu(1) 114.7(8)
N(5)-N(6)-Cu(1) 111.2(7)
N(7)-N(8)-Cu(1) 115.0(2) 120.9(2)
N(3)-N(4)-Cu(2) 120.1(2) 117.4(2)
N(9)-N(10)-Cu(2) 118.2(2) 121.2(2)
0(1)-C(49)-Cu(1) 172(2)

ment of the B-H hydrogen atoms, we came to appreciate that
the B—H units are within bonding range of the Cu atoms.

In contrast to the observed conformation of the tri-coor-
dinating Tp®® ligands in mononuclear pseudotetrahedral
[TpRR'Cu'-L] [5,6,9,14] or dinuclear [Tp**Cu'], (R=H,
Me, Ph) species [9,12], the di-coordinating Tp*®*™° ligand
in 1 assumes a substantially inverted configuration at the
boron such that the B-H hydrogens point towards, rather than
away, from the dicopper center. Despite the uncertainty in
deriving interatomic distances from X-ray analytical data
when hydrogen is involved, the relevant Cu(1)---H(2) and

Fig. 1. Structure of one enantiomer of [Tp*®"“M*Cu'},-0.5toluene (1) in a
racemic crystal, showing 40% probability ellipsoids and the atom labeling
scheme (the hydrogen atoms H(1) and H(2) are attached to B(1) and
B(2), respectively).

Cu(2)---H(1) distances at 2.19(4) and 2.33(3) A, respec-
tively, are sufficiently short to warrant closer inspection. In
addition, the Cu(2)---H(2) distance (2.49(4) A) suggests
that H(2) is poised for a semi-bridging interaction, while the
Cu(1):--H(1) separation (2.79(3) /:\) merely places H(1)
at a position of ‘incipient bonding interaction’ [15] with
respect to Cu(1). The B(1)-H(1) (1.11(3) A) and B(2)-
H(2) (1.07(4) A) bond distances are rather short with
respect to theoretical predictions [ 16], but can be notoriously
underestimated by as much as 0.2 A in X-ray analysis [17].
Of significance is the tilt of the B-H approach to the copper
site at the hydrogen atom, which in the cases of Cu(1)~-
H(2)-B(2) (122°) and Cu(2)-H(1)-B(1) (123°) are
comparable to those found (121.7(4), 121(3)°) in the well-
documented three-center, two-electron (3c, 2¢”) bonding
arrangement of Cu~H-B in Cu(PPh,Me);(BH,) [15] and
[Cu(triphos) (BH,)] [18]. The Cu(1)---B(2) (2.905 A)
and Cu(2)---B(2) (2.983 A) contacts are slightly more
prominent than those involving B(1) (Cu(1)---B(1)=
3.128 A, Cu(2)---B(1) =3.065 A), most likely reflecting
the engagement of the B(2)-H(2) unit into simultaneous
interactions with both copper sites.

The structure of the even more sterically encumbered com-
pound 2 (Fig. 2), obtained by single-crystal X-ray analysis
at 146 K, parallels the one encountered in 1, although the
degree of ligand distortion is apparently more pronounced.
As in the case of 1, each copper site of 2 is coordinated
exclusively by two pyrazolyl moieties, belonging to two inde-
pendent Tp*®*'** ligands, in an essentially linear fashion.
The short Cu-N distances (mean Cu-N=1.889(6) A)
reflect the low Cu coordination number. The measure of con-
formational distortion can also be appreciated by means of
the mutual orientation of the two N-Cu—N vectors (the dihe-
dral angle between the planes least-squares fitted to Cu(1)—






