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Pyrazolato ligands are commonly employed in complexes
of the middle to late d-block metals, and either exhibit h1

bonding to a single metal ion or bridge two metal centers.[1] h2-
Pyrazolato bonding is generally observed in lanthanide(iii)
complexes as a consequence of the more ionic bonding and
larger size of the metal centers, relative to the d-block
metals.[2] We have described several titanium(iv) and tanta-
lum(v) complexes that contain h2-pyrazolato ligands, and
demonstrated that this binding mode is significantly favored
over h1 binding unless the coordination sphere is sterically
congested.[3±5] Very recently, we reported the crystal structure

of a hexameric potassium pyrazolato complex that contains
bridging h2-pyrazolato ligands.[6] Since the h2 coordination
mode was observed in the potassium complex it seemed very
likely that this coordination mode would be observed in other
main group metal complexes.

Our motivation for exploring pyrazolato complexes con-
cerns the development of improved source compounds for
chemical vapor deposition (CVD) applications. Volatile metal
complexes composed of Group 2 or lanthanide metals with
1,3-diketonate ligands are widely used in CVD processes.[7]

However, the presence of oxygen makes diketonate-based
precursors inappropriate for the deposition of non-oxide
materials, such as magnesium-doped gallium nitride.[8] With
these considerations in mind, we report the synthesis,
structure, and reactivity of several magnesium pyrazolato
complexes. Surprisingly, h2-pyrazolato coordination is ob-
served in these complexes, despite the small size of the
magnesium ion. This study gives the first structural documen-
tation of terminal h2-pyrazolato ligands with the main group
metals and offers new insight into the design of volatile
Group 2 compounds for use in film depositions through CVD
methods.

Treatment of magnesium bromide with potassium 3,5-di-
tert-butylpyrazolate[6] (2 equiv) in toluene led to the forma-
tion of bis[bis(3,5-di-tert-butylpyrazolato)magnesium] (1,
79 %; Scheme 1) as colorless crystals after workup. If the

Scheme 1. Synthesis and reactions of the pyrazolatomagnesium complexes
1 ± 3.

reaction of magnesium bromide with potassium 3,5-di-tert-
butylpyrazolate was carried out in tetrahydrofuran (THF),
workup afforded bis[bis(3,5-di-tert-butylpyrazolato)(tetrahy-
drofuran)magnesium] (2, 77 %) as colorless crystals. Treat-
ment of 1 or 2 with N,N,N'N'-tetramethylethylene diamine
(TMEDA, 1 equiv per magnesium) led to the formation of
bis(3,5-di-tert-butylpyrazolato)(N,N,N',N'-tetramethylethyl-
enediamine)magnesium (3, 60 ± 64 %). Dissolution of 1 in
THF followed by workup, afforded 2 (67%), while sublima-
tion of 2 at 150 8C (0.1 torr) afforded 1 (70 %) with loss of the

M. Arai, E. Nakamura, J. Am. Chem. Soc. 1995, 117, 1179 ± 1180; E.
Nakamura, Pure Appl. Chem. 1996, 68, 123 ± 130.

[3] J. R. A. Dulayymi, M. S. Baird, I. G. Bolesov, V. Tveresovsky, M.
Rubin, Tetrahedron Lett. 1996, 37, 8933 ± 8936; J. T. Groves, K. W. Ma,
J. Am. Chem. Soc. 1974, 96, 6527 ± 6529; C. W. Jefford, D. Kirkpatrick,
F. Delay, J. Am. Chem. Soc. 1972, 94, 8905 ± 8907.

[4] Boron: a) T. Imai, H. Mineta, S. Nishida, J. Org. Chem. 1990, 55,
4986 ± 4988; b) P. Fontani, B. Carboni, M. Vaultier, G. Maas, Synthesis
1991, 605 ± 609; c) X.-Z. Wang, M.-Z. Deng, J. Chem. Soc. Perkin.
Trans. 1 1996, 2663 ± 2664; d) J. P. Hildebrand, S. P. Marsden, Synlett
1996, 893 ± 894; e) J. Pietruszka, M. Widenmeyer, Synlett 1997, 977 ±
979; f) J. E. A. Luithle, J. Pietruszka, Liebigs Ann. 1997, 2297 ± 2302;
aluminum: G. Zweifel, G. M. Clark, C. C. Whitney, J. Am. Chem. Soc.
1971, 93, 1305 ± 1307; silicon: K. Hirabayashi, A. Mori, T. Hiyama,
Tetrahedron Lett. 1997, 38, 461 ± 464; tin: D. Seyferth, H. M. Cohen,
Inorg. Chem. 1962, 1, 913 ± 916.

[5] a) H. E. Simmons, T. L. Cairns, S. A. Vladuchick, C. M. Hoiness, Org.
React. 1973, 20, 1 ± 131; b) J. Furukawa, N. Kawabata, J. Nishimura,
Tetrahedron 1968, 24, 53 ± 58.

[6] The use of ZnCl2 in the place of iPrZnCl afforded (E)-4 in 37% yield.
[7] H. Shinokubo, H. Miki, T. Yokoo, K. Oshima, K. Utimoto, Tetrahe-

dron 1995, 51, 11681 ± 11 692.
[8] A. Sidduri, M. J. Rozema, P. Knochel, J. Org. Chem. 1993, 58, 2694 ±

2713; A. Sidduri, P. Knochel, J. Am. Chem. Soc. 1992, 114, 7579 ± 7581.
[9] P. Knochel, M. C. P. Yeh, S. C. Berk, J. Talbert, J. Org. Chem. 1988, 53,

2390 ± 2392; L. Micouin, P. Knochel, Synlett 1997, 327 ± 328; P.
Knochel, R. D. Singer, Chem. Rev. 1993, 93, 2117 ± 2188; P. Knochel,
Synlett 1995, 393 ± 403.

[10] Compound (E)-3 was also coupled with acetyl chloride under Pd0

catalysis (30 % yield).[14]

[11] P. Wipf, W. Xu, Tetrahedron Lett. 1994, 35, 5197 ± 5200.
[12] A. Vaupel, P. Knochel, J. Org. Chem. 1996, 61, 5743 ± 5753.
[13] J. Schwartz, J. A. Labinger, Angew. Chem. 1976, 88, 402 ± 409; Angew.

Chem. Int. Ed. Engl. 1976, 15, 333 ± 340; J. A. Labinger in Compre-
hensive Organic Synthesis, Vol. 8 (Eds.: B. M. Trost, I. Fleming),
Pergamon, Oxford, 1991, pp. 667 ± 702.

[14] T. Harada, T. Katsuhira, K. Hattori, A. Oku, J. Org. Chem. 1993, 58,
2958 ± 2965.

[*] Prof. Dr. C. H. Winter, D. Pfeiffer, Dr. M. J. Heeg
Department of Chemistry, Wayne State University
Detroit, MI 48202 (USA)
Fax: � (1) 313-577-1377
E-mail : cwinter@sun.science.wayne.edu

[**] We thank the US Army Research Office for support of this research.



COMMUNICATIONS

2518 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3718-2518 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 18

coordinated THF ligand. Sublimation of 3 (ca. 150 8C,
0.1 torr) afforded variable mixtures of 1 and 3 (3:1 ± 4:1).
The structures of 1 ± 3 were established by spectroscopic and
analytical techniques as well as by X-ray crystal structure
determinations. In the 1H and 13C{1H} NMR spectra of 1 in
[D8]toluene signals were observed for only one type of
pyrazolato ligand between ÿ80 and 20 8C, suggesting fast
exchange between the terminal and bridging pyrazolato
ligands in this temperature range.

To establish the solid-state structure, the X-ray crystal
structures of 1 ± 3 were determined.[9] The structure of 2 was of
lower precision than 1 and 3, because of disorder of the THF
ligands and the tert-butyl groups. However, the gross structure
of 2 was unambiguously established from the X-ray data.
Perspective views of 1 and 3 are presented in Figures 1 and 2,
respectively.

Complex 1 exists as a dimeric complex with two h2-
pyrazolato ligands and two bridging pyrazolato ligands
(Figure 1). Each binuclear molecule occupies a crystallo-
graphic inversion center. The plane containing the h2-pyrazo-
lato ligands is approximately perpendicular to the plane
containing the bridging ligands. The h2-pyrazolato ligands are
characterized by Mg ± N bond lengths of 1.987(4) and
2.050(4) �, while the corresponding values for the bridging
pyrazolato ligands are 2.001(3) and 2.047(3) �. The bonding

Figure 1. Structure of 1 in the solid state. The tert-butyl groups are omitted
for clarity. Selected bond lengths [�] and angles [8]: Mg ± N1 1.987(4), Mg ±
N2 2.050(4), Mg ± N3 2.001(3), Mg ± N4' 2.047(3), Mg ± N4 2.690(4), Mg ±
Mg' 3.322(2), N1 ± N2 1.397(4), N3 ± N4 1.397(4); N1-Mg-N2 40.47(11), Mg-
N1-N2 72.2(2), Mg-N2-N1 67.3(2), N1-Mg-N3 124.04(13), N1-Mg-N4'
112.03(13), N2-Mg-N3 125.10(14), N2-Mg-N4' 128.31(14), Mg-N3-N4
103.3(2), N3-Mg-N4' 106.56(13).

of the h2-pyrazolato ligand is unsymmetrical, with a difference
in the Mg ± N bond lengths of 0.06 �. We have previously
documented similar ªslippedº h2-pyrazolato coordination in a
tantalum complex.[4] The coordination geometry about each
magnesium atom can be envisioned as distorted trigonal
planar if the center of the h2-pyrazolato ligand is considered to
be a monodentate donor (N1-Mg-N3 124.04(13), N1-Mg-N4'
112.03(13), N2-Mg-N3 125.10(14), N2-Mg-N4' 128.31(14), N3-
Mg-N4' 106.568). The dihedral angle between the planes
described by N1-Mg1-N2 and Mg1-N3-N4 is 52.958.

Complex 3 exists as a six-coordinate monomeric complex
with two h2-pyrazolato ligands and one TMEDA ligand
(Figure 2). The bonding of the pyrazolato ligands to magne-
sium is asymmetric with one short and one long Mg ± N bond

Figure 2. Perspective view of one independent molecule of 3. The tert-
butyl groups are omitted for clarity. Selected bond lengths [�] and angles
[8]: Mg ± N1 2.047(3), Mg ± N2 2.140(3), Mg ± N3 2.054(3), Mg ± N4
2.144(3), Mg ± N5 2.235(3), Mg ± N6 2.221(3), N1 ± N2 1.390(4), N3 ± N4
1.397(4); N1-Mg-N2 38.70(10), N3-Mg-N4 38.78(11), N5-Mg-N6 80.65(14),
N1-Mg-N3 103.55(13), N1-Mg-N4 112.76(12), N2-Mg-N3 110.05(13), N2-
Mg-N4 140.75(12), N1-Mg-N5 95.06(12), N1-Mg-N6 146.75(13), N2-Mg-N5
99.76(12), N2-Mg-N6 109.14(13), N3-Mg-N5 149.32(14), N3-Mg-N6
95.81(13), N4-Mg-N5 111.32(13), N4-Mg-N6 99.31(13).

(Mg ± N1 2.047(3), Mg ± N2 2.140(3), Mg ± N3 2.054(3), Mg ±
N4 2.144(3) �). The pyrazolato Mg ± N bond lengths in 3 are
longer than those in 1, probably as a consequence of the
increased coordination number about the magnesium center.
The asymmetry associated with the pyrazolato ligands in 3 is
more pronounced than in 1, again probably because of the
increased steric interactions present in 3. The Mg ± N bond
lengths associated with the TMEDA ligand are 2.235(3) and
2.221(3) �. The coordination geometry about the magnesium
atom can be described as distorted tetrahedral if the center of
each pyrazolato ligand is considered as a monodentate donor.

Complexes 1 ± 3 are the first main group metal complexes
with terminal h2-pyrazolato ligands. The h2-pyrazolato coor-
dination is markedly asymmetric in 1 and 3, with differences in
Mg ± N bond length of 0.06 ± 0.09 � within each pyrazolato
ligand. The ªslippedº h2 bonding may originate from steric
interactions between the bulky 3,5-di-tert-butylpyrazolato
ligands, since the differences were larger for the six-coordi-
nate metal center in 3 than for the four-coordinate magnesium
center in 1. The observation of h2-pyrazolato bonding in 1 ± 3
is surprising in view of the small size of Mg2� (ionic radius of
0.72 �[10] for a six-coordinate Mg2� ion) and the rarity of this
coordination mode among metals in general.[3±5] We have
recently reported that potassium (3,5-diphenylpyrazolate)(te-
trahydrofuran) exists as a hexamer in which each potassium
atom is bonded to the nitrogen atoms of one diphenylpyr-
azolato ligand in an h2 fashion and to the nitrogen atoms of
two adjacent diphenylpyrazolato ligands with h1 interac-
tions.[6] This precedent, coupled with the results of the present
work, implies that h2-pyrazolato ligand coordination should
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be common in many main group metal complexes. Such a
prediction is important because of the structural similarities
between h2-pyrazolato and 1,3-diketonate complexes. Since
1,3-diketonate complexes are employed as precursors for film
depositions by CVD techniques,[8] it is likely that pyrazolato
complexes can be used in applications where oxygen con-
tamination is detrimental. To this end, we are studying the use
of 1 (sublimes at 150 8C, 0.1 torr without decomposition) as a
CVD precursor for the fabrication of magnesium-doped
Group 13 semiconductors.[11]

Experimental Section

1: A 200-mL Schlenk flask was charged with magnesium bromide (0.500 g,
2.71 mmol), potassium 3,5-di-tert-butylpyrazolate (1.18 g, 5.42 mmol), and
toluene (50 mL). The resultant mixture was stirred at ambient temperature
for 72 h, during which time a fine white precipitate formed. The volatile
components were removed under reduced pressure to afford a colorless,
sticky solid. This solid was extracted with hexane (60 mL), and the resultant
solution filtered through a 2-cm pad of Celite on a coarse glass frit. The
resultant clear, colorless solution was concentrated under vacuum to
approximately 20 mL and then stored at ÿ20 8C for 18 h to afford 1 as
colorless crystals (0.82 g, 79 %): m.p. 148 ± 152 8C; IR (Nujol) nÄ � 1531 (m),
1508 (s), 1412 (m), 1360 (s), 1317 (s), 1254 (vs), 1226 (m), 1202 (m), 1059
(m), 1040 (s), 1016 (s), 987 (s), 786 cmÿ1 (s); 1H NMR ([D6]benzene, 23 8C):
d� 6.09 (s, 2H, pyrazolato CÿH), 1.26 (s, 36H, C(CH3)3); 13C{1H} NMR
([D6]benzene, 23 8C): d� 165.66 (s, CÿC(CH3)3), 100.34 (s, pyrazolato
CÿH), 31.91 (s, C(CH3)3), 30.75 (s, C(CH3)3); elemental analysis calcd for
C44H76Mg2N8: C 69.02, H 10.00, N 14.63; found: C 69.05, H 10.17, N 14.65.

2 : In a similar fashion to the preparation of 1, magnesium bromide (0.500 g,
2.71 mmol) and potassium 3,5-di-tert-butylpyrazolate (1.18 g, 5.42 mmol)
were allowed to react in THF (40 mL) to afford 2 as colorless crystals
(0.95 g, 77%): m.p. 114 ± 122 8C (decomp.); IR (Nujol) nÄ � 1501 (s), 1410
(m), 1359 (vs), 1308 (s), 1249 (s), 1225 (s), 1205 (s), 1052 (s), 1034 (s), 1015
(s), 997 (s), 896 (m), 784 cmÿ1 (s); 1H NMR ([D6]benzene, 23 8C): d� 6.04
(s, 2H, pyrazolato CÿH), 3.48 (m, 4 H, OCH2CH2), 1.40 (s, 36H, C(CH3)3),
1.31 (m, 4H, OCH2CH2); 13C{1H} NMR ([D6]benzene, 23 8C): d� 161.88 (s,
CÿC(CH3)3), 97.08 (s, pyrazolato CÿH), 67.99 (s, OCH2CH2), 31.91 (s,
C(CH3)3), 30.38 (s, C(CH3)3), 25.18 (s, OCH2CH2); elemental analysis calcd
for C52H92Mg2N8O2: C 68.64, H 10.19, N 12.31; found: C 68.78, H 10.21, N
12.54.

3 : A 200-mL Schlenk flask was charged with 1 (0.500 g, 0.654 mmol),
TMEDA (0.152 g, 1.31 mmol), and hexane (40 mL). The reaction was
stirred for 18 h at ambient temperature and then filtered through a 2-cm
pad of Celite on a coarse glass frit. The clear, colorless hexane solution was
concentrated to about 20 mL and then stored at ÿ20 8C for 18 h to afford 3
as colorless crystals (0.39 g, 60%): m.p. 163 ± 165 8C; IR (Nujol) nÄ � 3110
(m), 2799 (s), 1514 (vs), 1494 (vs), 1413 (m), 1355 (vs), 1325 (s), 1287 (s),
1248 (vs), 1226 (s), 1205 (s), 1189 (m), 1163 (m), 1123 (m), 1058 (m), 1014
(vs), 996 (vs), 949 (s), 797 (s), 770 cmÿ1 (vs); 1H NMR ([D6]benzene, 23 8C):
d� 6.07 (s, 2 H, pyrazolato CÿH), 2.03 (s, 12 H, NÿCH3), 1.86 (s, 4H,
NÿCH2), 1.39 (s, 36 H, C(CH3)3); 13C{1H} NMR ([D6]benzene, 23 8C): d�
159.65 (s, CÿC(CH3)3), 96.05 (s, pyrazolato CÿH), 55.84 (s, NÿCH2), 46.31
(s, NÿCH3), 31.79 (s, C(CH3)3), 31.54 (s, C(CH3)3); elemental analysis calcd
for C28H54MgN6: C 67.39, H 10.91, N 16.84; found: C 66.77, H 10.62, N 16.52.
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