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Abstract: The reaction of Cu(CH,;CN),BF, with a range of imidazoles, pyrazoles, and pyridines yields two-coordinate copper(I)
complexes of the form CuL,BF,. Two of those species, ligated by 1-methylpyrazole and 1,3,5-trimethylpyrazole, respectively,
have been characterized by X-ray crystallography, and they both show an approximately linear N-Cu—-N geometry with Cu-N
bond lengths of 1.87 A. The bis(1-methylpyrazole) complex apparently forms dimeric units in the solid state with intermolecular
distances of ca. 3.1 A. The unhindered pyrazole and pyridine complexes react with carbon monoxide in solution to form presumed
three-coordinate adducts, although the binding of CO is quite weak (P;, > 1 atm). The imidazole and the hindered pyrazole
and pyridine complexes are all inert toward reaction with carbon monoxide. A likely explanation for this observation is that
steric effects prevent the increase in coordination number for the hindered species, and increased orbital overlap between the
imidazole-nitrogen and copper(I) ion stabilizes the two-coordinate form for the imidazole-ligated species. Crystal data for
Cu(MePz),BF,: triclinic, a = 9.352 (4) A, b = 9.805 (4) A, c =8.164 (3) A, @ = 96.97 (3)°, 8 = 109.15 (3)°, v = 62.40
(3)°, V = 626.3 (6) A, space group = PI, Z = 2. Crystal data for Cu(1,3,5-trimethylpyrazole),BF,: triclinic, a = 8.561
(5) A, b=13.065(5) A, c =7.886 (2) A, a = 102.40 (3)°, 8 = 106.08 (4)°, v = 91.14 (4)°, V' = 824.8 (1.3) A3, space group

=Pl,Z=2.

The reaction of hemocyanin (Hc)! with carbon monoxide is an
intriguing one because the binuclear active site binds only one
molecule of CO in a nonbridging fashion.>® Looking beyond the
possibility that steric effects from the protein prevent the binding
of a second molecule of CO, we recently suggested an explanation
for the observed stoichiometry based on the inertness of a bis-
(pyrazolyl)copper(I) dimer toward CO.* We have since recog-
nized that the interaction of CO (and perhaps other small ligands)
with Cu(I) complexes might provide an indirect way to assess the
structure of copper(I) centers in proteins or in solution,’ and we,
as well as others,*® are engaged in a systematic examination of
the chemistry of well-defined, coordinatively unsaturated copper(I)
complexes. The present paper reports the synthesis, character-
ization, and reactivity toward carbon monoxide of several mo-
nonuclear two-coordinate copper(I) complexes (1-12) ligated by
nitrogen heterocycles.

Experimental Section

All reagents and solvents were purchased from commercial sources
and used as received, unless noted otherwise. 1-Methylpyrazole,® 1,3,5-
trimethylpyrazole,!® and l-ethyl-3,5-dimethylpyrazole!! were prepared

(1) Abbreviations used in this paper: Hc, deoxyhemocyanin; MeOH,
methanol; DMF, dimethylformamide; Melm, methylimidazole; MePz, me-
thylpyrazole; THF, tetrahydrofuran; TMP, 1,3,5-trimethylpyrazole.

(2) Alben, J. O.; Yen, L.; Farrier, N. J. J. Am. Chem. Soc. 1970, 92,
4475-4476.

(3) This statement is based on a comparison of the stretching frequencies
observed for the various carbonyl adducts of HcCO with those for simple
coordination compounds. Bridging carbonyl derivatives for copper complexes
have »(CO) < 2000 ¢cm™%: (a) Pasquali, M.; Floriani, C.; Venturi, G.; Gae-
tani-Manfredotti, A.; Chiesi-Villa, A. J. Am. Chem. Soc. 1982, 104,
4092-4099. (b) Doyle, G.; Eriksen, K. A.; Modrick, M.; Ansell, G. Or-
ganometallics 1982, 1, 1613-1618.

(4) Sorrell, T. N.; Jameson, D. L. J. Am. Chem. Soc. 1982, 104,
2053-2054.

(5) Sorrell, T. N.; Malachowski, M. R. Inorg. Chem. 1983, 22, 1883-1887.

(6) (a) Hendriks, H. M. J.; Reedijk, J. Recl. Trav. Chim. Pays-Bas 1979,
98, 95-100. (b) Okkersen, H.; Groeneveld, W. L.; Reedijk, J. Recueil 1973,
92, 945-953. (c) Schilstra, M. J.; Birker, P. J. M. W. L.; Verschoor, G. C,;
Reedijk, J. Inorg. Chem. 1982, 21, 2637-2644. (d) Hendriks, H. M. J;
Birker, P. J. M. W. L,; van Rijn, J.; Verschoor, G. C.; Reedijk, J. J. Am.
Chem. Soc. 1982, 104, 3607-3617. (e) Agnus, Y.; Louis, R.; Weiss, R. J.
Chem. Soc., Chem. Commun. 1980, 867-869.

(7) Dagdigian, J. V.; McKee, V.; Reed, C. A. Inorg. Chem. 1982, 21,
1332-1342.

(8) Karlin, K. D.; Gultneh, Y.; Hutchinson, J. P.; Zubieta, J. J. Am. Chem.
Soc. 1982, 104, 5240~-5242.

(9) Finar, |. L; Lord, G. H. J. Chem. Soc. 1957, 3314-3315.
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by literature methods. Methanol (MeOH) was distilled under N, from
magnesium methoxide; acetonitrile, dichloromethane, and dimethyl-
formamide (DMF) were distilled from calcium hydride; and tetra-
hydrofuran (THF) was distilled from sodium benzophenone ketyl. “Gold
label” nitromethane was purchased from Aldrich and used as received.
Microanalyses were performed by Integral Microanalytical Laboratories,
Inc., Raleigh, NC, Galbraith Laboratories, Inc., Knoxville, TN, or Mi-
cAnal, Tucson, AR.

TH NMR spectra were recorded on a Perkin-Elmer R-24B instrument
at 60 MHz using CDCl,; as the solvent. All chemical shifts are relative
to an internal standard of Me,Si. Variable temperature NMR spectra
were recorded on a Bruker WM 250 instrument operating at 250.13
MHz. Infrared spectra were obtained by using a matched set of NaCl
cells with a path length of 0.1 mm on a Beckman Model 4250 spec-
trometer. All manipulations involving the cuprous complexes were per-
formed in a Vacuum Atmospheres glovebox operating with less than |
ppm O, and H,0.

1-Benzyl-3,5-dimethylpyrazole. Under a dinitrogen atmosphere, 9.6
g (0.1 mol) of 3,5-dimethylpyrazole was slowly added to a suspension of
2.6 g (0.11 mol) of NaH in 130 mL of dry DMF. The solution was
allowed to stir at 60 °C for 2 h and then treated dropwise with 12.7 g
(0.1 mol) of benzyl chloride. After stirring at 60 °C for 48 h, the solution
was evaporated to an oil at reduced pressure. The residue was treated
with 100 mL of water and extracted with three 75-mL portions of
benzene. The combined organic portion was washed with 50 mL of water
and 50 mL of saturated aqueous NaCl and then dried over Na,SO,. The
filtered solution was evaporated to give a yellow oil, which was purified
by column chromatography on 60-200 mesh silica gel with methylene

(10) Auwers, K. V.; Broche, H. Chem. Ber. 1922, 55, 3880~-3911. A more
convenient method of preparation is to treat 2,4-pentanedione with N-
methylhydrazine slowly and then to distill the product.

(11) Auwers, K. V.; Daniel, W. J. Prakt. Chem. 1925, 110, 235-263.
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Table . Crystal Data for Cu(MePz),BF, (6) and
Cu(TMP),BF, (8)

complex 6 8

formula C,H,,BCuF,N,  C,H,,BCuF N,
space group P1 P1
a, A 9.352 (4) 8.561 (5)
b, A 9.805 (4) 13.065(5)
q A 8.164 (3) 7.886 (2)
a, deg 96.97 (3) 102.40 (3)
g, deg 109.15 (3) 106.08 (4)
v, deg 62.40 (3) 91.14 (4)
v, A3 626.3 (6) 824.8 (13)
Z 2 2
o, g/lem? 1.67 1.49
cryst size, mm 0.35x0.32x0.22 0.30x0.30 x0.27
collection range +h, +k, +1 +h,+k, +1
2°<20<55° 2°< 26 < 55°
transmission factors,
min 0.76 0.88
max 1.00 1.00
av 0.90 0.95
no. of data 2872 3784
no. of data 1693 1796
[{ = 30()]
R 6.9 7.4
Ry 7.2 7.0

chloride as the eluent: '"H NMR 6 2.01 (3 H,s),2.12 (3 H,s), 5.00 (2
H,s), 5.61 (1 H, s), 6.8-7.3 (5§ H, m).

Synthesis of [CuL,]BF,. In an inert-atmosphere box, 30 mmol of
ligand in 100 mL of dry methanol was treated with 4,71 g (15 mmol)
of solid Cu(CH,CN),BF4.* For the cases where L = 2,6-lutidine and
1,2-dimethylimidazole, the solid did not dissolve readily, and a minimum
of nitromethane was added. The solvent was then completely removed
under vacuum.!? The residue was dissolved in methanol,!? and the
solution was filtered and treated with THF to induce crystallization.
Slow evaporation of the solution over several days gave, in all cases,
colorless, crystalline compounds in yields between 60% and 70%. Most
of the solids are stable toward dioxygen for up to several hours; however,
in moist air they rapidly turn blue owing to oxidation. Complexes 8-10
and 12 are stable indefinitely in air. Satisfactory C, H, and N analyses
were obtained for all compounds.

Reactions with CO. In the inert-atmosphere box each complex (30-50
mg) was dissolved in ~ | mL of nitromethane or CH,Cl, and the flask
was removed from the inert-atmosphere box. Some of the solution was
transferred under N, into a sealed IR cell that had been flushed with N,,
and the spectrum was recorded. The remaining solution was then ex-
posed to CO for 5 min, that solution was transferred to an IR cell, and
the spectrum was again recorded. The solution was finally treated with
excess ligand under CO, and that spectrum was measured.

Quantiative CO uptake measurements were done as previously re-
ported.’

X-ray Data Collection. Crystal data for Cu(MePz),BF, (6) and Cu-
(TMP),BF, (8) are listed in Table |. Data for each structure were
collected in the same way: the crystal was coated with epoxy resin on
the tip of a glass fiber and subjected to a preliminary diffractometer
search that revealed triclinic symmetry. Diffraction data were collected
at 293 K on an Enraf-Nonius CAD-4 computer-controlled diffractometer
using Mo K radiation (0.7107 A) from a graphite-crystal monochro-
mator. The unit cell constants were derived from a least-squares re-
finement of the setting angles of 25 reflections. The w~26 scan technique
was used to record the intensities for a unique set of reflections. Peak
counts were corrected for background counts by extending the final scan
by 25% at each end to yield net intensities, I, which were assigned
standard deviations with a conventional p factor selected as 0.01. In-
tensities were corrected for Lorentz and polarization effects and, for 6,
were also corrected for decay. The maximum correction was 1.25 (20%
decay), and the average correction was 1.08. The data for 6 and 8 were
further corrected for absorption effects by using an empirical correction
based on y scans.

Structure Determination and Reflnement. Each structure was solved
in a similar manner: a three-dimensional Patterson synthesis was used
to locate the copper atom position, and a series of difference Fourier maps

(12) If all of the solvent is not evaporated, one will isolate Cu(CH,C-
N),BF, in some cases rather than the desired two-coordinate complex.

(13) For the case of Cu(1,2-Me,lm),BF,, a small amount of acetonitrile
was added. Complexes 2 and 7 were crystallized from acetone—methanol, and
complex § crystallized upon concentrating a THF solution of the complex.
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Figure 1. Structure of the Cu(MePz),* cation showing 40% probability
thermal elipsoids. Bond distances and angles are compiled in Table L V.

Figure 2. Structure of the Cu(TMP),* cation showing 40% probability
thermal elipsoids. Bond distances and angles are compiled in Table V.

revealed the remaining non-hydrogen atoms. The refinement was ef-
fected by full-matrix least-squares techniques. The function minimized
was Y W(|F,| — |F|)? where |F,| and |F| are the observed and calculated
structure amplitudes, and the weight, w, is 4F.2/¢*(F,)?. Calculated
hydrogen atom positions were included during the later stages of re-
finement in the structure-factor calculations, but they were not refined.
Programs used for the structure solution and refinement for 6 and 8 were
supplied as a package by Enraf-Nonius. Atomic scattering factors for
the non-hydrogen atoms were taken from ref 14 and those for hydrogen
atoms from Stewart et al.!* Although the final R factors are high by
modern standards, they arise from the most part from high thermal
motion in the BF, groups. This phenomenon has been observed previ-
ously.>16 A final difference Fourier for 6 and 8 showed some residual
electron density in the vicinity of the BF, groups (<0.44 ¢ A-%), but it
could not be fit to a reasonable model for a disordered BF, group. Hy-
drogen atom positions, thermal parameters, and structure factors are
included as supplementary material.

Results and Discussion

Synthesis. Two-coordinate Cu(I) complexes are scarcely rep-
resented in the chemical literature, and structurally characterized
ones are even rarer. Lewin et al.!” prepared several substituted
bis(pyridine) and bis(quinoline)copper(I) species, but those com-
pounds formed only with sterically encumbered donors, precipi-
tating from a solution containing a large excess of the ligand.
Reedijk and co-workers also prepared a number of complexes using
sterically hindered imidazoles,®® and they reported the synthesis
of the bis(pyrazole)copper(I) cation several years ago.®®> We have
shown here that the reaction to form two-coordinate Cu(I) com-
plexes is not limited by the nature of the heterocycle or by its
substitution pattern. Presumably any nitrogen heterocycle!'® will
react in a 2:1 stoichiometry with Cu(CH,CN),(BF,) to form
two-coordinate Cu(I) complexes. All of the compounds isolated
are soluble in polar solvents such as methanol, acetone, acetonitrile,
dimethylformamide, and nitromethane, and several are even
soluble to a limited extent in dichloromethane (<0.05 M). In
protic solvents, all of the complexes react rapidly and irreversibly
with dioxygen to form blue solutions from which we have not yet
been able to isolate any well-defined species. In aprotic solvents,
the oxidation process is much slower, and those compounds that
have sterically hindered pyrazole ligands are stable toward O, for

(14) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. V.

(15) Stewart, R. F.; Davidson, E. R.; Simpson, W, T. J. Chem. Phys. 1965,
42, 3175-3178.

(16) Scanlon, L. G.; Tsao, Y.-Y.; Toman, K.; Cummings, S. C.; Meek, D.
W. Inorg. Chem. 1982, 21, 1215-1221.

(17) Lewin, A. H.; Cohen, L. A,; Michl, R. J. Inorg. Nucl. Chem. 1974,
36, 1951-1957.

(18) We also attempted to isolate the bis(pyridine) and bis(imidazole)-
copper(1) species, but we obtained oils in each case. Presumably by choosing
the correct solvent combination one could also isolate those and other com-
plexes.
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Table Il. Final Positional Parameters for Cu(MePz) ,BF, (6)

atom x y z
Cu —0.0063 (1) 0.0720 (1) 0.3112 (1)
F1 0.6569 (5) 0.1760 (6) 0.1939 (8)
F2 0.4656 (9) 0.3929 (8) 0.2232(14)
F3 0.4069 (9) 0.2680(12) 0.0050 (8)
F4 0.4285 (8) 0.2162 (8) 0.2530 (10)
N1 0.0192 (6) —0.0952 (5) 0.1656 (6)
N2 —0.0242 (6) 0.2377 (%) 0.4593 (6)
Nla 0.1655 (6) -0.2033 (6) 0.1446 (7)
N2b 0.1054 (6) 0.2534 (6) 0.5798 (7)
Cla -0.1013(7) —0.1240(7) 0.0520(9)
C2a —-0.0307 (8) ~0.2501(7) —-0.0434 (9)
C3a 0.1374 (8) —-0.2967 (8) 0.0185 (9)
Cda 0.3247(9) —-0.2108 (8) 0.2519 (10)
Clb -0.1665 (8) 0.3543 (7 0.4800 (9)
C2b -0.1257 (9) 0.4440 (7) 0.6119 (9)
C3b 0.0457 (8) 0.3768 (7) 0.6705 (9)
C4b 0.2789 (9) 0.1454 (9) 0.5933 (10)
B 0.487 (1) 0.264 (1) 0.142 (2)

Table III. Final Positional Parameters for Cu(TMP),BF, (8)

atom x y z
Cu 0.0010 (1) 0.21370 (8) 0.4595 (1)
F1 0.7432 (6) 0.2527(5) 0.1067 (10)
F2 0.5234 (8) 0.1948 (6) -0.1260 (10)
F3 0.5056 (9) 0.2188 (7) 0.1249 (9)
F4 0.5537 (10) 0.3455 (5) 0.0430 (14)
N1 0.0472 (6) 0.0837 (4) 0.3351(7)
N2 -0.0209 (7) 0.3448 (5) 0.5969 (8)
Nla  —0.0649 (6) 0.0009 (4) 0.2435 (7)
N2a  —0.1609 (6) 0.3728 (4) 0.6343 (7)
Cla 0.0105 (9) -0.0805 (5) 0.1730 (9)
Clb 0.1710 (9) -0.0500 (6) 0.2222 (10)
Clc 0.1911 (8) 0.0514 (6) 0.3226 (9)
Cld  -0.2346(9) 0.0115 (6) 0.2268 (11)
Cle -0.0837 (11) —-0.1805 (6) 0.0626 (11)
Cif 0.3434 (10) 0.1238(7) 0.4081 (11)
C2a  -0.1391(8) 0.4728 (6) 0.7374 (9)
C2b 0.0188 (9) 0.5070 (6) 0.7607 (10)
C2c 0.0889 (9) 0.4260 (5) 0.6760 (9)
Cc2d -0.3072 (9) 0.3028 (6) 0.5694 (11)
C2e  -0.2728(10) 0.5234(7) 0.7957 (12)
Cc2f 0.2573 (9) 0.4223 (6) 0.6640 (11)
B 0.591 (1D 0.2566 (8) 0.031 (2)

up to several hours. In no case did we ever observe dispropor-
tionation.

In solution, the complexes evidently remain two-coordinate
rather than undergoing ligand dissociation or equilibration to form
CuL* and CuL,*. This has been established by NMR spec-
troscopy for 6, which shows only a single set of peaks in CD,Cl,
over the temperature range 213-293 °K. If either of the processes
mentioned above were occurring, we should be able to observe
the exchange process unless the activation barrier is extremely
low. There is no hint of line broadening in any of the spectra to
suggest an equilibrium process.

Solid-State Structures.’® Both structurally characterized
compounds 6 and 8 crystallize as colorless platelets in the triclinic
space group PI1. The final positional pararmeters for each are
listed in Tables II and III and the structures are presented in
Figures 1 and 2, respectively.

The structure of compound 8 serves as a prototype for most
of the compounds reported herein. The extremely short Cu-N

(19) We initiated the crystal structure determination of the bis(1,2-di-
methylimidazole)copper(l) tetrafluoroborate complex but were forced to
abandon this when the cation proved to be disordered. The direct-methods
program MULTAN was used to find of the atom positions for the cation, and
a difference Fourier map revealed the position of the BF, group, which was
not disordered. The overall structure was essentially the same as found for
the bis(pyrazolyl)copper sxecies described herein, with a linear geometry and
Cu-N bond distances <2 A. Crystal data for4: 2 =9.192 (4) A, b = 10.751
M A c=1762 (5) A, @ = 93.47 (6)°, B = 101.65 (6)°, v = 81.74 (5)°,
V = 743.1 (14) A3, space group = PI, Z = 2.
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bond distances are evidently characteristic for two-coordinate
Cu(I) complexes and compare well with the average distance of
1.87 (1) A found in several previously reported structures.*s The
N-Cu-N angle in 8 is 174°, which is close to the linear ar-
rangement of donors expected for two-coordination.

Complex 8 is unique in being the first unconstrained two-co-
ordinate Cu(I) that has been structurally characterized. In most
of the previously reported structures,*® the complex comprised a
chelating ligand that had other potential coordinating atoms in
the ligand framework. Thus, the stability of those complexes may
have been a result of weak, long-range interactions or of the chelate
effect. In 8, the distances from Cu to atoms in neighboring
molecules are >3.7 A, so long-range interactions are unlikely.

The structure of 6 (Figure 1) is in slight contrast with that found
for 8. The Cu~-N distances and N-Cu~N angle in 6 are nearly
identical with those in 8, but the intermolecular distances are
shortened notably, and Cu—C2a’ and Cu—C3a are 3.150 (4) and
3.221 (4) A, respectively. Although these distances are too long
to be considered as formal bonds, they may qualify as weak
intermolecular interactions that produce dimeric aggregates in
the solid state. Several pieces of evidence augment this hypothesis.
Firstly, pyrazole ring a tilts slightly toward the neighboring copper
atom, which itself lies almost directly over the middle of the
C2a’-C3a’ bond, reminiscent of a metal-w(olefin) interaction
observed for many transition-metal complexes.?® Secondly,
neighboring cations are >5 A away, ruling out simple crystal-
packing phenomena that lead to an infinite stacked array of
molecules. Finally, p*-arene coordination has been observed
previously for Cu(I) in the complex (ethylenediamine)-
carbonylcopper(I) tetraphenylborate, wherein one of the phenyl
rings of the anion coordinates to copper.?! In that case, the bond
distances between copper and the two carbons are 2.919 (5) and
2.706 (4) A, and a formal bond to the 7 system is probable. The
intermolecular attraction in 6 is much weaker, however, and most
likely does not persist in solution as demonstrated by the NMR
spectrum that shows only the four signals (ignoring spin-spin
splitting) associated with the protons on 1-methylpyrazole.

One geometric feature common to 6 and 8 is the nearly coplanar
orientation of the two pyrazole rings within each cation. The
dihedral angle between the pyrazole planes for 6 is 4.7° and for
8 is 8.7°. Intramolecular contacts between methyl groups (e.g.,
C1d-C2d or CIf-C2f for 8) are apparently negligible (>4.1 i)
and thus do not pre: :nt the pyrazoles from being coplanar. This
orientation of the lig.ads, which probably results from crystal
packing forces, means that the short bond distances between Cu
and N(pyrazole) do not result from back-bonding from Cu(I) to
pyrazole-7* but rather fror- strong o-overlap between copper and
ligand. A ignificant back-t»nding interaction would dictate that
the pyrazole rings be mutually perpendicular in order to maximize
delocalization of the d electrons on copper.

Reaction with Carbon Monoxide. The reaction of Cu(I) com-
plexes with CO is readily monitored by infrared spectroscopy, and
except for one type of complex that has a bridging carbonyl (»(CO)
< 2000 ecm™),? all known copper carbonyls have terminal M—~CO
coorldglation with stretching frequencies between 2000 and 2200
cm™,

Many of the complexes 1-12 are inert toward carbon monoxide,

(20) Collman, J. P.; Hegedus, L. S. “Principles and Applications of Or-
ganotransition Metal Chemistry”; University Science Books: Mijll Valley, CA,
1980; pp 106-108.

(21) Pasquali, M.; Floriani, C.; Gaetani-Manfredotti, A. Inorg. Chem.
1980, 19, 1191-1197.

(22) (a) Gagng, R. R.; Kreh, R. P.; Dodge, J. A.; March, R. E.; McCool,
J. Inorg. Chem. 1982, 21, 254-261. (b) Pasquali, M.; Floriani, C.; Gaeta-
ni-Manfredotti, A. Ibid. 1981, 20, 3382-3388. (c¢) Kitagawa, S.; Munakata,
M. Ibid. 1981, 20, 2261-2267. (d) Pasquali, M.; Marini, G.; Floriani, C,;
Gaetani-Manfredotti, A.; Guastini, C. Ibid. 1980, 19, 2525-2531. (e) Pas-
quali, M.; Floriani, C.; Gaetani-Manfredotti, A. Ibid. 1980, 19, 1191-1197.
(f) Desjardins, C. D.; Edwards, D. B.; Passmore, J. Can. J. Chem. 1979, 57,
2714-2715. (g) Gagné, R. R,; Allison, J. L.; Lisensky, G. C. Inorg. Chem.
1978, 17, 3563-3571. (h) Gagné, R. R.; Allison, J. L.; Gall, R. S.; Koval,
C. A.J. Am. Chem. Soc. 1977, 99, 7170-7178. (i) Ogura, T. Inorg. Chem.
1976, 15, 2301-2303. (j) Churchill, M. R.: DeBoer, B. G.; Rotella, F. J;
AbuSalah, O. M,; Bruce, M. 1. Ibid. 1975, 14, 2051-2056.
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Figure 3. Infrared spectra for Cu(Melm),BF; (left) and Cu(MePz),BF,
(right) in dichloromethane solution under (a) N,, (b) CO, and (¢) CO
after addition of excess ligand.

and those that do react do so only slightly. This general lack of
reactivity appears to be a result of several factors, of which steric
effects exert the greatest influence.

Bis(imidazole)copper(I) complexes 1-4 are all inert toward CO,
as illustrated in Figure 3b specifically for Cu(4-Melm),*. In these
instances, additional donors are able to bind to CuL,*, yet carbon
monoxide in the absence of other ligands does not®* The case
fcr this can be made as follows. Lewin showed that unhindered
pyridines form complexes of the type CuL,* and that pyridine
derivatives having a single substituent « to the ligating nitrogen
can form complexes of the type CuL,*.'” Thus, with the un-
hindered 1-methylimidazole and the a-substituted 2- and 4-
methylimidazoles, higher coordination numbers should be at-
tainable. When Cu(4-Melm),* (3) is treated with CO by itself,
no reaction is observed (Figure 3b). Excess 4-methylimidazole
added to the solution, however, promotes formation of a carbonyl
derivative (Figure 3c) and substantiates the contention that the
copper is sterically accessible to additional ligands. This is im-
portant because it shows that steric effects of the ligands are not
preventing the coordination: of CO; therefore electronic effects
must be responsible for the inertness of these species.

The bis(pyrazole) and bis(pyridine)copper(I) complexes 5-12
differ from their imidazole analogues. Two-coordinate copper(I)
complexes prepa: :d with the unhindered ligand pyrazole and the
mono(a-substituted) ligands 1-methylpyrazole, 2-picoline, and
3,5-dimethylpyrazole react with CO as shown in the right half
of Figure 3b to form what we presume are three-coordinate
carbonyl derivatives since their stretching frequencies are higher
than those observed for four-coordinate complexes in which »cg
is at ca. 2080 cm~'.522 However, addition of excess ligand pro-
motes formation of a different carbonyl adduct (Figure 3c),
probably of the form CuL;(CO)* based on voo (Table VI). In
contrast, the bis(a-substituted) heterocycles form complexes 8,
9, 10, and 12, which are inert toward CO, even in the presence
of additional ligand, most likely because steric effects prevent an

(23) In the infrared spectra that we recorded, we would occasionally ob-
serve an absorption when we exposed the two-coordinate bis(imidazolyl)
complexes to carbon monoxide. However, the peak’s intensity varied greatly
depending on the history of the sample, and its position was the same as that
observed for the tris(imidazolyl)carbonyl adducts. We conclude that this
absorption was promoted by impurities in the sample since highly crystalline
preparations showed no absorption (<5%) of CO either by infrared spec-
troscopy or by manometric uptake experiments.

Sorrell and Jameson

Table IV. Bond Distances and Angles for Cu(MePz),BF,

Distances, A
Cu-N1 1.873 (3) Cu-N2 1.879 (3) NI1-Nla 1.338(4)
N1-Cla 1.325(4) N2-N2b 1.347(4) N2-Clb 1.340(4)
Nla-C3a 1.336 (5) Nla-C4a 1.431(5) N2b-C3b 1.323(5)
N2b-C4b 1.444 (5) Cla-C2a 1.385(5) C2a-C3a 1.343(5)
C1b-C2b 1.375(5) C2b-C3b 1.352(6) B-F1 1.353(8)
B-F2 1.316 (7) B-F3 1.117(9) B-F4 1.411 (9)

Cu-C22° 3.150 (4) Cu-C3a’ 3.221(4) Cda-C4b 4.145(6)
Angles, deg

N1-Cu-N2 178.2(2) Cu-N1-Nla 125.9 (3)
Cu-N1-Cla 128.1(3) Nla-N1-Cla 105.8 (3)
Cu-N2-N2b 126.1 (3) Cu-N2-Cl1b 127.4(3)
N2b-N2-C1b 106.1 (3) N1-Nla-C3a 110.7 (3)
N1-N1a-C4a 121.1 (3) C3a-Nl1a-C4a 128.2(4)
N2-N2b-C3b 109.8 (4) N2-N2b-C4b  120.6 (3)
C3b-N2b-C4b  129.6 (4) N1-Cla-C2a 110.2 (3)
Cla-C2a-C3a 105.4 (4) Nla-C3a-C2a 107.9(5)
N2-C1b-C2b 109.7 (4) C1b-C2b-C3b 105.4 (4)
N2b-C3b-C2b  109.0 (4) F1-B-F2 103.8 (6)
F1-B-F3 121.9(7) F1-B-F4 104.9 (8)
F2-B-F3 119.5(11) F2-B-F4 92.7 (6)
F3-B-F4 109.4 (6)

Table V. Bond Distances and Angles for Cu(TMP),BF,

Distances, A

Cu-N1 1.878 (3) Cu-N2 1.863 (4) NI1-Nla 1.361(4)
N1-Clc 1.333(4) N2-N2a 1.351(4) N2-C2c 1.323(5)
Nla-Cla 1.353(5) Nl1a-Cld 1.434(5) N2a-C2a 1.361(5)
N2a-C2d 1.437(5) Cla-Clb 1.347(6) Cla-Cle 1.482(6)
Cib-Cle 1.369(6) Cle-C1f 1.497 (6) C2a-C2b 1.365(6)
C2a-C2e 1.467 (6) C2b-C2c 1.367 (6) C2c-C2f 1.472(6)
B-F1 1.281 (8) B-F2 1.293 (7) B-F3 1.332(8)
B-F4 1.202 (7)

Cu-Cu’  5.755(1) Cld-C2d 4.333(6) CI1f-C2f 4.169(6)
Angles, deg

N1-Cu-N2 173.8(2) Cu-N1-Nla 125.1 (3)
Cu-N1-Clc 128.8(3) Nl1a-N1-Cl¢ 106.1 (4)
Cu-N2-N2a 123.6 (3)  Cu-N2-C2c 129.4 (4)
N2a-N2-C2¢ 107.0(4) N1-Nla-Cla 109.5 (4)
N1-N1a-C1d 120.0(4) Cla-Nl1a-Cld  130.4 (4)
N2-N2a-C2a 110.1(4)  N2-N2a-C2d 122.2 (4)
C2a-N2a-C2d  127.7(4) Nla-Cla-Clb 107.5(4)
Nla-Cla-Cle  120.9(5) Clb-Cla-Cle 131.5(5)
Cla-C1b-Clc  106.9(4) N1-Cle-Clb 109.9 (4)
N1-Cle-C1f 120.5(5) Cl1b-Cle-C1f  129.5(5)
N2a-C2a-C2b  105.8 (4) N2a-C2a-C2e 121.5(4)
C2b-C2a-C2e  132.7(5) C2a-C2b-C2¢c  107.6 (4)
N2-C2¢-C2b 109.5(4)  N2-C2c-C2f 121.5 (5)
C2b-C2c-C2f  129.0(5) F1-B-F2 119.0(7)
F1-B-F3 108.7(8) F1-B-F4 112.1 (6)
F2-B-F3 98.2(6) F2-B-F4 114.0 (9)
F3-B-F4 102.3(7)

Table VI. Carbonyl Stretching Frequencies for CuL,(CO)*
Species

vco.? em™

ligand x=2 x=3
1-methylimidazole 2067
2-methylimidazole 2059
4-methylimidazole 2067
1,2-dimethylimidazole 2062
pyrazole 2117 (1.9)° 2090
1-methylpyrazole 2113 (2.2)° 2090
3,5-dimethylpyrazole 2112 (6.1)® 2076
2-picoline 2112 (5.4) 2085

2 CH,Cl, solution. ? Numbers in parentheses refer to P, ,
(atm) for CO binding in nitromethane solution at 25 °C.

increase in their coordination number.

In order to assess more quantitatively the binding of CO by
the two-coordinate pyrazole and pyridine derivatives, we examined
their uptake of CO by a manometric method.?* In all cases, the
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binding of carbon monoxide is quite weak, ranging from ca. 2 to
6 atm depending on the ligand (Table VI).

The ligand basicity?® is a useful quantity that correlates roughly
within a given series of compounds with the relative reactivities
of two-coordinate Cu(I) complexes toward carbon monoxide (eq
1). We can use the series L = 2-methylimidazole (pK, = 7.86),

CuL,* + CO == CuL,(CO)* (1

1-methylpyrazole (pK, = 2.04), and 2-picoline (pK, = 5.97) to
discuss this reactivity trend since all three complexes have
analogous steric requirements; hence they should have similar
solvation energies.”® The equilibrium constant for reaction 1 will
increase (or Py, will decrease) if either the product is stabilized
or the reactant is destabilized within the series of complexes under
consideration. We expect, on the basis of on ligand basicities,
that the stability of the carbonyl adduct, thus the magnitude of
K, should increase in the order L = 1-methylpyrazole < 2-picoline
< 2-methylimidazole. That is, better ¢ donation of ligand to metal
wil favor binding an excellent 7-acid like carbon monoxide. This
trend is just opposite from that based on the observed P,/, values
for CO binding by 2, 5, and 10 (Table VI). Therefore, the values
of K must be rationalized on the basis of the stability of the
two-coordinate reactant, and that stability must increase in the
order L = 1-methylpyrazole < 2-picoline < 2-methylimidazole.
The stability of the bis(2-methylimidazole)copper(I) cation vs.
the bis(1-methylpyrazole)copper(I) cation, for example, probably
reflects greater overlap between the bonding orbitals of copper
and the ligand in the former case, expected from the basicity or
o-donating ability of the heterocycle. The crystallographic results
are consistent with this notion since the observation of very short
Cu-N bond distances for two-coordinate species suggests that the
copper—o(ligand) interaction exerts the more important influence
on the stability of the complex.

Biological Implications. The inertness of bis(methyl-
imidazole)copper(I) species toward carbon monoxide supports our
earlier explanation* for the stoichiometry of CO binding by he-
mocyanin.2 To recount that hypothesis, we suggest that the
coordination sphere about each copper is essentially two-coordinate
(based on EXAFS studies?”) but that near one of the copper
centers is an additional donor that can coordinate and promote
CO binding to that copper. The other center remains two-co-
ordinate, hence unreactive toward CO, leading to the observation
that He binds only one CO per binuclear active site. This assumes
that there is sufficient room to bind two CO molecules; therefore
the stoichiometry observed is not merely a result of steric effects.
In retrospect we see that the lack of reactivity of the two-coordinate
copper(1) complex we reported earlier* was actually due to steric
effects imposed by the ligand; but the work reported herein
demonstrates that alkylimidazoles, which in biological systems
is represented by the amino acid histidine, do form two-coordinate
species that are unreactive toward CO because of electronic effects.

Besides providing an explanation for the stoichiometry of CO
binding by Hc, these results should be applicable to probing the
active-site structure of the reduced form for other copper proteins
as well. EXAFS spectroscopy is one of the few methods that can
provide information about the ligands in the first coordination

(24) We performed the CO uptake experiments in nitromethane because
its lower vapor pressure made the measurements less prone to fluctuations and
because the complexes are more soluble in it than in dichloromethane. The
infrared spectra in nitromethane are essentially identical with those recorded
in dichloromethane.

(25) Albert, A. In “Physical Methods in Heterocyclic Chemistry”; Ka-
tritzky, A. R., Ed.; Academic Press: New York, 1963; Chapter 1.

(26) One might argue that the 2-methylimidazole complex can hydro-
genbond to nitromethane, thereby gaining some stabilization. However, the
I-methylimidazole complex also does not react with CO nor does the 2-
methylimidazole complex react with CO in dichloromethane, as demonstrated
by infrared measurements. Hydrogen bonding in the latter solvent would be
expected to be negligible.

(27) (a) Co, M. S.; Hodgson, K. O.; Eccles, T. K.; Lontie, R. J. Am. Chem.
f;&)}%(l), 103, 984-986. (b) Co, M. S,; Hodgson, K. O. Ibid. 1981, 103,

3201.
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sphere of the “spectroscopically invisible” d'° cuprous ion; however,
low-Z atoms at longer distances may remain unobservable. The
reaction of the copper center with a ligand like CO, on the other
hand, provides a spectroscopic probe whose properties vary as a
function of the environment about the metal. Thus if a cup-
rous-containing protein is treated with carbon monoxide and no
reaction is observed, one can conclude that the copper site must
be either two- or four-coordinate (but not square planar in the
latter case?®) and those two possibilities should be distinguishable
from EXAFS studies. On the other hand, if a carbonyl adduct
is formed, then the active site must be three-coordinate or
three-coordination must be readily accessible.?*® An example
of this type of behavior is apparently exhibited by a two-coordinate
copper(l) benzimidazole complex prepared by Reedijk® which
reacts with carbon monoxide in solution, presumably because the
“extra” (i.e., noncoordinating in the solid state) nitrogen donors
in the ligand framework are able to coordinate in solution, forming
three-coordinated copper ions prior to binding CO. This conclusion
is based on the reactivity and structure of a similar copper(I)
complex prepared by Gagné?® for which the structure of the
carbonyl adduct has been determined and in which all of the
nitrogen donors in the ligand are bound to copper.

Two copper proteins for which EXAFS results are in hand and
for which carbonyl adducts have been examined are hemocyanin
and cytochrome oxidase.» Deoxyhemocyanin, as mentioned
above, is thought to be two-coordinate?’ or three-coordinate®? from
EXAFS measurements, and the fact that it forms a carbonyl
derivative indicates that a three-coordinate form is readily at-
tainable if not initially present. The active site in reduced cyto-
chrome oxidase is less well-defined, and the EXAFS results have
stirred much debate.”* The formation of a carbony! adduct for
cytochrome oxidase suggests a three-coordinate copper(l) center
bound perhaps by two histidyl imidaozles and a cysteiny! thiolate.*
Unfortunately, there is at present no example of a copper carbonyl
adduct ligated by a thiolate ion, so there is nothing with which
to compare the observed infrared stretching frequency for the
enzyme to assess the likelihood of that mode of ligation. Filling
this void is the thrust of future work in our laboratory.
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Abstract: Irradiation (A > 500 nm) of Cp,Fe,(CO), (Cp = #°-CsHj) in the presence of PR; (R = Ph, O-i-Pr) in cyclohexane
solution at room temperature yields a single product, Cp,Fe,(CO);(PR;). The reaction with PPh; (366 nm) is inhibited by
excess CO. A reaction intermediate was trapped by irradiating Cp,Fe,(CO), in the presence of P(O-i-Pr); at —78 °C in ethyl
chloride or THF solution. The infrared spectrum of the intermediate has »(C==0) = 1720 ¢cm™, and its electronic spectrum
does not exhibit a ¢ — o* band. The evidence suggests that the intermediate is Cp(CO),Fe~CO-Fe(CO)(P(O-i-Pr);)Cp,
a molecule in which a single CO bridges the Fe atoms and in which there is no direct Fe-Fe bond. The mechanism of the
photoreaction of PR; with Cp,Fe,(CO), is proposed to involve formation of the CO-bridged intermediate Cp,Fe,(CO),(PR3),
followed by loss of CO to give the product Cp,Fe,(CO),(PR;). The 366-nm photoreaction of Cp,Fe,(CO), with CCl, or CHC,
to give CpFe(CO),Cl occurs mainly by a CpFe(CO), radical pathway, because the chlorine atom abstraction is not inhibited

by 6 atm of CO.

Photochemical reactions of Cp,Fe,(CO), (Cp = »°-CsH;), a
molecule in which there are two bridging carbonyl ligands,? have
been reported in several papers.>® For example, Gianotti has
shown® that Cp,Fe,(CO), reacts photochemically with chloro-
carbon solvents (eq 1). One reasonable possibility for the

CpsFe;(C0), ———» 2CpFe(CO),Cl )

mechanism of this reaction involves homolytic cleavage of the
Fe-Fe unit, followed by abstraction of Cl from R-CI by the
CpFe(CO), radical fragment.>* However, there is some evidence
that CpFe(CO), fragments are not formed on irradiation, namely,
the observation that the photoreactions of Cp,Fe,(CO), with
nucleophiles give monosubstituted products (eq 2). Caspar and

szFez(CO)4 +L T szFCz(CO)3L + CO (2)

Meyer have recently shown that two primary photoproducts result
from either UV or visible flash photolysis of Cp,Fe,(CO), in
cyclohexane or benzene.” They observed CpFe(CO), fragments
as well as a long-lived intermediate that decayed by first-order
kinetics. The long-lived intermediate reacted with donor ligands
to give substituted products of the type Cp,Fe,(CO),L.
Owing to our interest in metal cluster photochemistry, we
decided to investigate further the photoreactions of Cp,Fe,(CO),
with phosphines and chlorocarbons. The objective of our work
was to determine whether 17-electron CpFe(CO), fragments are
involved as intermediates in these reactions or whether some other

(1) Department of Chemistry, Columbia University, New York, NY
10027.

(2) Mills, O. S. Acta Crystallogr. 1958, 11, 620.

(3) Giannotti, C.; Merle, G. J. Organomet. Chem. 1976, 105, 97.

(4) Abrahamson, H. B.; Palazzotto, M. C.; Reichel, C. L.; Wrighton, M.
S. J. Am. Chem. Soc. 1979, 101, 4123,

(5) Labinger, J. A.; Madhaven, S. J. Organomet. Chem. 1977, 134, 381,

(6) Haines, R. J.; Du Preez, A. L. Inorg. Chem. 1969, 8, 1459.

(7) Caspar, J. V,; Meyer, T. J. J. Am. Chem. Soc. 1980, 102, 7795.
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pathway predominates. A preliminary account of our findings
has appeared.®

Experimental Section

Cp,Fe,(CO), was obtained from ROC/RIC. Phosphine and phos-
phite derivatives of the type Cp,Fe,(CO);(PR;) were prepared by a
standard method.® Triphenylphosphine (PPh;) and trimethyl phosphite
(P(OMe);) were obtained from MCB. Tri-n-butylphosphine (P(n-
C,Hy);) and triisopropyl phosphite (P(O-i-Pr),) were obtained from
Aldrich. Ethyl chloride was obtained from Eastman.

Electronic absorption spectra were recorded with a Cary 17 spectro-
photometer. Infrared spectra were recorded with Perkin-Elmer 225 and
Beckman IR-12 instruments. A 1000-W high-pressure Hg—Xe arc lamp
was used for the 336-, 450-, and 505-nm and “broad-band” irradiations.
The 366-nm Hg line was isolated by using a Corning CS 7-83 filter; the
450- and 505-nm lines were isolated by using dielectric interference filters
obtained from Edmund Scientific Co. For the broad-band irradiations,
Pyrex (A >320 nm) and Corning CS 3-69 (A >500 nm) filters were used.
EPR spectra were recorded with a Varian E-line Century Series spec-
trometer, equipped with a 12-in. magnet. Temperature regulation was
provided by an Air Products Heli-Trans system, and frequencies were
determined with a PRD Electronics, Inc., frequency meter.

Ferrioxalate actinometry was used for quantum yield determinations
at 366 nm.> The procedure was modified to adopt the precautions
suggested by Bowman and Demas.!® Reineke actinometry was used for
quantum yields at 450 and 505 nm.!! 1In all cases the quantum yields
were determined by monitoring the disappearance of the 525-nm band
in Cp,Fes(CO),s. The absorption spectra of the phosphine substitution
products Cp,Fe,(CO);(PR;) overlap with the spectrum of Cp,Fe,(CO),4
at 525 nm. Thus, to minimize the error in the quantum yield measure-
ment of the substitution reaction, only the first 10% of the reaction was
monitored. At such small conversions the absorption by the product is

(8) Tyler, D. R.; Schmidt, M. A.; Gray, H. B. J. Am. Chem. Soc. 1979,
101, 2753.

(9) Calvert, J. G,; Pitts, J. N. “Photochemistry”; Wiley: New York, 1965.

(10) Bowman, W. D.; Demas, J. N. J. Phys. Chem. 1976, 80, 2434.

(11) Wegner, E. E.; Adamson, A. W. J. Am. Chem. Soc. 1966, 88, 394.
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