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The synthetic strategies, structural comparison, and thermal gravimetric analyses for a novel family of alkaline earth
metal perfluoro-tert-butoxides (PFTB) are presented. The isolated complexes follow the general formula,
[Ae(PFTB)a(d),); (1a, Ae = Mg, d = THF, x=2; 1b, Ae = Ca, d = THF, x=4; 1¢c, Ae = Sr, d = THF, x = 4; 1d, Ae
=Ba, d=THF, x=4;2a, Ae = Mg, d=DME, x=1; 2b, Ae = Ca, d = DME, x=2; 2¢, Ae = Sr,d = DME, x=2; 2d, Ae =Ba,
d=DME, x=3; 3a, Ae = Mg, d = diglyme, x=1; 3b, Ae = Ca, d = diglyme, x=2; 3¢, Ae = Sr, d = diglyme, x=2; 3d, Ae =
Ba, d = diglyme, x = 2; THF = tetrahydrofuran, DME = 1,2-dimethoxyethane) where the crystallographically
characterized compounds display either a cis or frans conformations in octahedral or pseudo-octahedral environ-
ments. Alkane elimination (Mg), direct metalation via ammonia activation (Ca, Sr, Ba), and transamination (Ca, Sr,
Ba) methods yielded the target compounds in moderate to good yields. Structural studies of select compounds showed
all compounds to be monomeric with varying degrees of co-ligand coordination, possibly explaining some of the
observed physical properties. Thermal gravimetric analyses of the compounds shows sublimation at low temperatures,
associated with minimal residue, making this family of fluoroalkoxides promising candidates for metal organic chemical

vapor deposition (MOCVD).

1. Introduction

Highly volatile metal organic chemical vapor deposition
(MOCVD) precursors of alkaline earth metal complexes
remain the focus of intense research for application in the
production of semi- and superconductors. Many MOCVD
efforts focus on producing high quality YBa,Cu;0;_." films;
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however, other materials based on BaTiO;,> BiSrCaCuO,’
and alkaline earth-fluorides*> are also attractive targets . A
wide variety of potential precursors have been examined,
bearing ligands such as pyrazolates,® cyclopentadienes,” 5-
diketonates,”®!? polyethers,'* and phenolates.'* However,
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alkaline earth metals, specifically barium, form oligomeric
compounds resulting in low volatility. As an example, the
commercially utilized barium f-diketonate exists as a tetra-
meric formulation, resulting in relatively high temperature
requirements for volatilization. Improvements upon existing
successful ligand systems are in high demand.

The perfluoro-tert-butoxide (PFTB) ligand has several
advantages over #-butoxide and other simple alkyl ligands.
The enhanced strength of the C—F over the C—H bond
(C—H: 411 kJ mol™'; C—F: 485 kJ mol ™ ")'° leading toward
greater thermal stability, multiple non-bonding p-electrons
shielding the carbon backbone, and the presence of strong
electron withdrawing groups may add beneficial inductive
effects to the molecule; *'” as demonstrated by the significant
increase in pK, for the alcoholic proton [H(PFTB): 5.4,
aqueous; 7-butanol: 19.2, aqueous].'” Furthermore, PFTB
complexes show relative stabilitP/ when compared to other
partially fluorinated alkoxides.'® The fluorine saturation
safeguards against the frequently observed decomposition
pathways of partially fluorinated alkoxides.

This study emphasizes the use of PFTB as a ligand. Unlike
other simple fluoroalkoxides, only few studies focus on
PFTB. Few fully characterized monometallic PFTB com-
plexes exist, including [Li(PFTB)(thf)],'° [Li(PFTB)],,"
and [Na(PFTB)],.> Likewise, Andersen et al. reported a
monometallic beryllium complex characterized by '’F NMR,
elemental analysis, and cryoscopic measurements.”’ Co-
ligand free calcium, strontium, and barium derivatives were
prepared by Purdy et al.,>>** although, only "’F NMR, ele-
mental analysis and sublimation studies were reported pro-
viding compounds of moderate volatility. The degree of
aggregation and structural details remain unknown.

Our efforts lead to the utilization of PFTB, resulting in the
isolation of a family of alkaline earth PFTB complexes that
contain co-ligands to increase the volatility of the complexes.
All complexes are monomeric and contain coordinated co-
ligands, following the general formula, [Ae(PFTB),(d),]; [1a,
[Mg(PFTB),(thf),]; 1b, [Ca(PFTB),(thf)4]; 1¢, [St(PFTB),-
(thf)a); 1d, [Ba(PFTB)y(thf),]; 2a, [Mg(PFTB)x(dme)]; 2b,
[Ca(PFTB),(dme),]; 2¢, [St(PFTB),(dme),]; 2d, [Ba(PFTB),-
(dme)s]; 3a, [Mg(PFTB),(diglyme)]; 3b, [Ca(PFTB),(digly-
me),]; 3¢, [Sr(PFTB),(diglyme),]; 3d, [Ba(PFTB),(digly-
me),]]. Furthermore, we report several improved synthetic
strategies (alkane elimination, direct metalation via ammonia
activation, transamination, and co-ligand exchange reac-
tions) to yield the target compounds in a significantly shorter
time period in high yield and purity. Analysis utilizing IR and
multinuclear NMR spectroscopy, as well as single crystal
X-ray diffraction revealed that many of the complexes are
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Scheme 1

Method A: Alkane Elimination

Mg(Bu), + 2 HPFTB) —T0F o [Mg(PFTB)y(thi)y] + 2 H(Bu)

Method B: Direct Metallation vie Ammonia Activation
THF

Ae+2 H(PFTB) ——————  [Ac(PFTB),(thf)y] + H,
NH; ()

Ae=Ca, Sr, Ba

Method C: Transamination

Ae(HMDS),(thf), + 2 HPFTB) — I s [Ac(PETB)y(thf),] + 2 H(HMDS)

Ae=Ca, Sr,Ba HMDS = hexamethyldisilazane, N(SiMes),
monomeric. Thermogravimetric analysis (TGA) of all the
compounds demonstrates impressively the effectiveness of
co-ligand selection on the volatility of the resulting com-
plexes.

As briefly mentioned above, co-ligand free alkaline earth
complexes were reported in the literature;”>* however,
insufficient characterization lead to an incomplete under-
standing of the aggregation tendencies and therefore an
incorrect assessment of the volatility. The reported calcium
(1b, 2b, 3b), strontium (1¢, 2¢, 3c¢), and barium (1d, 2d, 3d)
complexes all contain co-ligands and exhibit a significant
increase in their volatilities compared with the previously
reported complexes.”>

2. Experimental Section

2.1. General Methods. All compounds were prepared and
handled using a glovebox (N, atmosphere) and modified
Schlenk techniques with a purified Ar atmosphere and special
concerns for limiting exposure to water and oxygen. H(PFTB)
was obtained commercially and purified by reflux and distilla-
tion from calcium hydride, followed by storage in a Schlenk
flask at —13 °C. Diglyme was refluxed over calcium hydride and
vacuum distilled prior to use. The Ae(HMDS),(thf), (Ae = Ca,
Sr, Ba; HMDS = hexamethlydisilazide, [N(Si(CHj3)3),]) start-
ing materials were prepared according to literature methods.
All other solvents or co-ligands were collected from a solvent
purification system and degassed using three freeze/thaw cycles
before use. Anhydrous ammonia was obtained by condensing
ammonia gas onto sodium metal using a dry ice-acetone bath.

IR spectra were collected using the Nicolet L200 FTIR
spectrometer over the range of 4000 to 400 cm ™ '. IR samples
were prepared using mineral oil mulls sandwiched between KBr
plates. 'H, *C, and 'F NMR spectra were collected using a 300
MHz Bruker Avance spectrometer. Chemical shifts are refer-
enced to residual solvent signals from [D¢]benzene (7.16 ppm).
Fluorine NMR spectra are referenced externally with trifluoro-
aceticacid (—76.5 ppm). Elemental analyses were not performed
as the described complexes desolvate easily.

2.2. Thermogravimetric Analysis (TGA). The TA Q 500 In-
strument was used to perform the analyses. Sample sizes be-
tween 5 to 30 mg were loaded onto platinum pans. Purified
nitrogen gas was used for all samples with a balance purge rate
of 40 mL/min and a sample purge rate of 60 mL/min. The
temperature was ramped at 10 °C per minute until a final
temperature of 700 °C was reached.

2.3. Crystallographic Data and Refinement Details. Single
crystal experiments were carried out using the Bruker AXS
SMART CCD system with three-circle goniometer APEX

(24) Gillett-Kunnath, M. M.; MacLellan, J. G.; Forsyth, C. M.; Andrews,
P. C.; Deacon, G. B.; Ruhlandt-Senge, K. Chem. Commun. (Cambridge,
U. K.) 2008, 4490-4492.
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[Ae(PFTB),(thf), | —co-ligand o [Ae(PFTB),(co-ligand),] + x THF

Reagent X solvent Product co-ligand y Yield (%)
1a 2 DME 2a DME 1 29
la* 2 THF/diglyme 3a diglyme 1 47
1b 4 DME 2b DME 2 44
1b* 4 THF/diglyme 3b diglyme 2 55
1c 4 DME 2c DME 2 82
1c* 4 THF/diglyme 3¢ diglyme 2 73
1d 4 DME 2d DME 3 95
1d* 4 THF/diglyme 3d diglyme 2 66

“Reagent from in situ Method C.

detector, graphite-monochromated Mo Ka radiation (4 =
0.71073 A), and narrow frame exposures of 0.3° in 6. A hemi-
sphere of data was collected at low temperatures; cell parameters
were refined using SMART and integrated using SAINT. The
final structures (Table 1) were solved and refined using
SHELXS-97 and SHELXL-97.2> PLATON was used to check
the space group assignment of 1b.%°

CCDC 775809 (1b), 775810 (1¢), 775811 (2b), 775812 (2¢),
775813 (2d), 775814 (3b), 775815 (3c), and 775816 (3d) contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Many of the crystallographically characterized compounds
exhibit positional disorder. In most cases the fluoromethyl
groups of the PFTB ligand were disordered, although, in all
cases a satisfactory refinement was possible by introducing split
positions where the fluorine atoms and the carbon atom of each
fluoromethyl were allowed to rotate about the central carbon of
the PFTB ligand. Additionally, the co-ligands were disordered
but, again introduction of split positions allowed satisfactory
refinement.

[cis-Ca(PFTB),(thf)4] (1b): THF: 40/60, 42/58,;

[cis-Sr(PFTB),(thf)4](1¢c): PFTB: 37/67, 32/68, 27/73, 21/79,
18/82, 11/89, THF: 42/58, 36/64, 37/63;

[cis-Ca(PFTB),(dme),] (2b): PFTB: 28/72, 28/72, 31/69;

[cis-Sr(PFTB),(dme),] (2¢): PFTB: 21/79, 23/77, 19/81;

[trans-Ba(PFTB),(dme);] (2d): PFTB: 36/64, 15/85, 39/61,
DME: 50/50, 50/50, 50/50;

[trans-Sr(PFTB),(diglyme),] (3¢): PFTB: 22/78, 20/80, 18/82;

[trans-Ba(PFTB),(diglyme),] (3d): PFTB: 47/53,42/58,49/51.

3. Synthesis

General Procedure. Anhydrous Ammonia. A 3-neck 500
mL round-bottom was fitted with a dry ice condenser and
dry ice/acetone bath; ammonia gas was allowed to con-
dense in the flask onto sodium metal, leading to a deep blue
solution.

Method A: Alkane Elimination (M = Mg). A 100 mL
Schlenk tube was charged with tetrahydrofuran (THF,
10 mL), and H(PFTB) (4 mmol, 0.57 mL). Dibutyl mag-
nesium (2 mmol, 1 M, 2 mL) was slowly added via a syringe,
which resulted in a slight temperature increase, but the
solution remained clear. The solution was stirred for 1 h at
room temperature, then all volatiles were removed by
evacuation. A white solid remained, which was redissolved
in a minimal amount of THF (1.5 mL) layered with 5 mL of
hexane and left to crystallize at room temperature.

(25) Sheldrick, G. M. Madison, WI (USA). Siemens. 1997.
(26) Speck, A. L. PLATON, A Multipurpose Crystallographic Tool,
Utrecht University: Utrecht, The Netherlands, 2000.

Method B: Direct Metalation via Ammonia Activation
(M = Ca, Sr, Ba). Anhydrous ammonia, as prepared
above, was recondensed into a 2-neck 500 mL round-
bottom flask fitted with a dry ice condenser. The flask was
charged with alkaline earth metal (10 mmol, Ca; 0.40 g,
Sr; 0.87 g, Ba; 1.37 g) and H(PFTB) (20 mmol, 2.8 mL) in
THF (10—20 mL) and cooled utilizing a dry ice-acetone
bath. When ammonia condensed into the flask, the solu-
tion turned a blue color. The dry ice-acetone bath was
removed, and the solution was allowed to reflux forming
a blue solution that became colorless within 1 h. Excess
ammonia was allowed to evaporate overnight. All re-
maining volatiles were removed by evacuation, leaving a
white powdery residue, which was redissolved in 20 mL of
THEF, filtered through a Celite padded frit, concentrated,
and placed into a —23 °C freezer to crystallize. Crystal-
lization occurred within 2 days, yielding in all cases color-
less crystals.

Method C: Transamination (M = Ca, Sr, Ba). At room
temperature H(PFTB) (4 mmol, 0.56 mL) was slowly
added by syringe into a 100 mL Schlenk tube charged
with Ae(HMDS),(thf), (Ae=2mmol, 1.01 g: Ca; 2 mmol,
1.10 g: Sr; 2 mmol, 1.20 g: Ba), dissolved in 5 mL of THF.
The solution was stirred for 1 h, resulting in a pale yellow
color for all compounds. All volatiles were removed by
evacuation leaving a yellow-cream colored precipitate.
The residue was redissolved in a small amount of THF
(<5 mL); filtered over a Celite padded frit, concentrated,
layered with 10 mL of hexane and placed into a 5§ °C
freezer to crystallize. Crystallization typically occurred
within 2 days. Slight variations in procedure are listed
individually below.

[Mg(PFTB),(thf),] (1a). Method A: yield 1.09 g (86%).

Colorless plates; Mp (sealed tube/N,): 83—84 °C
(wetting), 117—123 °C (melt), 280—290 °C (dec); 'H NMR
(300 MHz, C¢Dg): 6 = 1.1 (m, 2H, —CH,—), 3.4 (m, 2H,
—OCH,—); *C NMR (300 MHz, C¢Dg): 6 = 25.0 (s,
—CH,—), 70.0 (s, —OCH,—); "’F NMR (300 MHz, C¢Ds):
0=—76.8 (s, —CF3); IR (Nujol mull, cm ™ "): 2924(s), 2852(s),
2394(w), 1461(m), 1377(m), 1248(w), 1170(w), 1050(w),
970(w), 825(w), 725(w).

[cis-Ca(PFTB),(thf)4] (1b). Method B: 7.98 g (100%);
multiple crystal crops were grown and collected.

Method C: 4.39 g (92%); The reaction was carried out
as described above, except that the scale was increased
to 6 mmol.

Colorless block; Mp (sealed tube/N»): 109—110 °C, 375°C
(dec); 'TH NMR (300 MHz, C¢Dg): 6 = 1.4 (m, 2H,
—CH,—), 3.6 (m, 2H, —OCH,—); °C NMR (300 MHz,
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C¢Dg): 0 = 25.4 (s, —CH,—), 68.7 (s, —OCH,—); "F
NMR (300 MHz, C¢Dg): 6 = —75.9 (s, —CF3); IR (Nujol
mull, em™"): 2924(s), 2851(s), 1461(s), 1376(s), 1299(m),
1261(m), 1217(m), 1141(w), 1040(w), 959(w), 883(w),
723(w), 669(w), 533(w).

[cis-Sr(PFTB),(thf)4] (1c). Method B: 8.46 g (100%);
multiple crystal crops were grown and collected.

Method C: 3.50 g (69%); The reaction was carried out
as described above except that the scale was increased
to 6 mmol.

Colorless plates; Mp (sealed tube/N,): 197—210 °C
(wetting), 350 °C (dec); 'H NMR (300 MHz, C¢Dy):
0 = 1.3 (m, 2H, —CH,—), 3.5 (m, 2H, —OCH,—); *C
NMR (300 MHz, C¢Dg): 6 = 25.7 (s, —CH,—), 68.1 (s,
—OCH,—); "F NMR (300 MHz, C¢Dg): 6 = —75.7 (s,
—CF3); IR (Nujol mull, cm™"): 2923(s), 2854(s), 1461(s),
1376(s), 1302(m), 1272(m), 1208(w), 1191(w), 1029(w),
965(w), 891(w), 825(w), 723(w), 554(w), 532(W).

[Ba(PFTB),(thf),] (1d). Method B: 8.82 g (99%).

Colorless needles; Mp (sealed tube/N»): 350 °C (dec);
'"H NMR (300 MHz, C¢Dg): 0 = 1.4(m, 2H, —CH,»—),
3.5(m, 2H, —OCH,—); '*C NMR (300 MHz, C4Dy): 6 =
25.9 (s, —CH»—), 67.9 (s, —OCH,— ; "’F NMR (300 MHz,
C¢Dg): 0 = —76.42 (s, —CF;); IR (Nujol mull, cm™'):
2913(s), 1461(s), 1376(s), 1304(m), 1263(m), 1184(m),
1035(w), 956(m), 877(w), 825(w), 724(w), 532(w).

[Mg(PFTB),(dme)] (2a). Colorless block; 0.07 g (29%);
Mp (sealed tube/N,): 122—125 °C (melt); 'H NMR (300
MHz, C¢Dg): 0=2.9 (s,4H, —OCH,—), 3.0 (s, 6H, —CH3);
F NMR (300 MHz, C¢Dg): 6 = —75.3 (s, —CF5); IR
(Nujol mull, em™"): 2919(s), 1461(s), 1376(s), 1257(m),
1203(m), 1145(w), 1113(w), 1069(w), 1029(w), 955(m),
876(w), 723(m).

[cis-Ca(PFTB),(dme),] (2b). In a 100 mL Schlenk tube
0.47 g of 1b was dissolved in 15 mL of 1,2-dimethoxy-
ethane (DME). The solution was stirred for 1 h filtered
through a Celite padded frit and concentrated. This solu-
tion was then layered with 5 mL of hexane and left to
crystallize at room temperature; colorless blocks formed
within 2 days. 0.18 g (44%)

Colorless plates; Mp (sealed tube/N»): 162—167 °C
(melt), 280 °C (dec).'H NMR (300 MHz, C¢Dg): 6 =
3.06 (s, 6H, —CH3), 2.8 (s, 4H, —OCH,—); '*C NMR (300
MHz, C¢Dg): 6 = 59.5, (s, DME), 70.4 (s, DME); "°F
NMR (300 MHz, C4Dg): 6 = —76.3 (s, —CF3); IR (Nujol
mull, cm ™) 1297(w), 1264(w), 1201(w), 1147(w), 1114(w),
1069(w), 957(w).

[cis-Sr(PFTB),(dme);] (2¢). In a 100 mL Schlenk tube
0.70 g of 1¢ was dissolved in 15 mL of DME. The solution
was stirred for 1 h filtered through a Celite padded frit and
concentrated. This solution was placed into a —23 °C
freezer to crystallize; colorless blocks formed within 2
days. 0.50 g (82%)

Colorless plates; Mp (sealed tube/N,): 117—122 °C
(melt), 300 °C (dec);: "H NMR (300 MHz, C¢Dg): 6 =
3.0 (s, 6H, —CH3), 2.8 (s, 4H, —OCH,—); *C NMR (300
MHz, C¢Dg): 0 = 59.1 (s, DME), 70.9 (s, DME); "°F
NMR (300 MHz, C4Dg): 6 = —76.3 (s, —CF3); IR (Nujol
mull, em™'): 1297(m), 1262(m), 1206(m), 1116(w),
1069(m), 1028(w), 862(w).

[trans-Ba(PFTB),(dme)s] (2d). A 100 mL Schlenk tube
was charged with 0.43 g of 1d. The solid was dissolved in
10 mL of DME, stirred for 2 h, whereupon the solvent
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Figure 1. Illustration of [Ca(PFTB),(thf),] (1b) where the ligands adopt
a cis conformation. [Sr(PFTB),(thf)4] (1¢) is isostructural to 1b. All non
carbon atoms shown at 30% probability and hydrogen atoms have been
removed for clarity.

volume was reduced and the solution was placed into a
—23 °C to crystallize. 0.36 g (95%) yield.

Colorless block; Mp (sealed tube/N,): 64—67 °C
(melt)."H NMR (300 MHz, C¢Dg): 6=3.0 (s, 6H, —CH3),
3.1 (s, 4H, —OCH,—); *C NMR (300 MHz, C¢Dg): 0 =
58.7 (s, DME), 71.6 (s, DME); '’"F NMR (300 MHz,
CeDg): 0=—75.7 (s, —CF3); IR (Nujol mull,cm ™ "): 2912(s),
1461(s), 1376(s), 1302(m), 1262(m), 1205(w), 1070(w),
1032(w), 958(w), 856(w), 722(w).

[Mg(PFTB),(diglyme)] (3a). Colorless block; 0.28 g
(47%); Mp (sealed tube/N,): 196—198 °C (melt); 'H
NMR (300 MHz, C¢Dg): 6 = 3.0 (s, 6H, —CH3), 3.3 (m,
4H, —OCH,—), 3.5. (m, 4H, —OCH,—); "’F NMR (300
MHz, C¢Dg): 6 = —74.5 (s, —CF3); FTIR (Nujol mull,
em ™ ): 1296(w), 1259(w), 1219(w), 1160(w), 1091(w),
1063(w).

[trans-Ca(PFTB),(diglyme),] (3b). Method C: 0.88 g
(55%) yield. Preparation followed Method C, except
that after the initial hour of stirring, diglyme (4 mmol,
0.57 mL) was added followed by an additional hour of
stirring. All volatiles were removed under reduced pres-
sure leaving a cream colored, powdery residue. A minimal
amount of THF (1 mL) redissolved the solid, and the
solution was layered with 10 mL of hexane, and crystal-
lized in a 5 °C freezer after 24 h.

Colorless needles; Mp (sealed tube/N,): 78—79 °C
(melt); "HNMR (300 MHz, C¢Dg): 0 =3.07 (s, 6H, —CH3),
3.14 (m, 4H, —OCH,—), 3.34 (m, 4H, —OCH,—); "°C
NMR (300 MHz, C¢Dyg): 6 = 59.2 (s, —OCHy), 68.7 (s,
—OCH,), 71.2 (s, —OCH,), none observed for PFTB; YE
NMR (300 MHz, C¢Dg): 6 = —75.6 (s, —CF3); IR (Nujol
mull, em™"): 1300(m), 1258(m), 1230(m), 1200(m), 1140(w),
1096(w), 1067(w), 955(m), 868(w), 723(s), 532(w).

[trans-Sr(PFTB),(diglyme),] (3c). Mcthod C: 1.23 g
(73%) yield: Preparation followed Method C, except that
after the initial hour of stirring, diglyme (4 mmol, 0.57
mL) was added followed by an additional hour of stirring.
All volatiles were removed under reduced pressure leav-
ing a cream colored, powdery residue. A minimal amount
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distance (A) angle (deg)

1b (M = Ca) 1c(M = Sr) 1b (M = Ca) le (M = Sr)
M-0(1) 2.183(2) 2.338(4) O(1)—M—-0(2) 103.93(9) 112.96(15)
M—-0(2) 2.205(2) 2.328(4) O(1)-M—-0(3) 95.05(9) 92.9(6)
M-0(3) 2.404(2) 2.43(2) O(1)-M—-0(4) 167.36(9) 154.7(6)
M—-0(4) 2.428(2) 2.62(3) O(1)—M—-0(5) 87.29(9) 82.67(14)
M-0(5) 2.434(2) 2.584(3) O(1)—M—-0(6) 97.56(8) 90.44(13)
M-0(6) 2.416(2) 2.571(3)

4. Results

Figure 2. Depiction of the structure of [Sr(PFTB),(dme),] (2¢). [Ca-
(PFTB),(dme),] (2b) is isostructural. All non-carbon atoms are shown at
30% probability, with the hydrogen atoms removed for clarity.

of THF (1 mL) redissolved the solid, and the solution was
layered with 10 mL of hexane, and crystallized in a 5 °C
freezer after 24 h.

Colorless blocks; Mp (sealed tube/N»): 152—153 °C
(melt); "H NMR (300 MHz, C¢Dg): 0 = 3.08 (m, 4H,
—OCH;), 3.12 (s, 6H, —CH3), 3.26 (m, 4H, —OCH,—);
13C NMR (300 MHz, C¢Dg): 6 =59.1 (s, —CHj), 68.9 (s,
—OCH,), 71.2 (s, —OCH,), none observed for PFTB; '°F
NMR (300 MHz, C¢Dyg): 6 = —75.9 (s, —CF3); IR (Nujol
mull,cm ™ "): 1254(m), 1208(w), 1136(m), 1103(w), 1077(w),
953(m), 802(m), 722(s).

[trans-Ba(PFTB),(diglyme),] (3d). Method C: 1.15 g
(66%) yield; Preparation followed Method C, except
that after the initial hour of stirring, diglyme (4 mmol,
0.57 mL) was added followed by an additional hour of
stirring. All volatiles were removed under reduced pres-
sure leaving a cream colored, powdery residue. The cream
colored solid was redissolved in THF filter, then placed
into a 5 °C where in crystallized within 2 days.

Colorless plates; Mp (sealed tube/N5): 210 °C (melt);
"H NMR (300 MHz, C¢Dg): 6 = 3.04 (m, 4H, —OCH3;),
3.13 (s, 6H, —CHs), 3.16 (m, 4H, —OCH,—); '3*C NMR
(300 MHz, C4Dg): 6 = 58.8(s, —CH3), 69.0 (s, —OCH,—),
71.6 (s, —OCH,—), none observed for PFTB; F NMR
(300 MHz, C¢Dg): 6 = —76.0 (s, —CF3); IR (Nujol mull,
em™): 1304(m), 1261(m), 1177(m), 1021(w), 955(s),
724(s).

4.1. Synthetic Methodology. The target compounds
were prepared conveniently by a variety of synthetic pro-
cedures in moderate to excellent yields and high purity.
This presents a significant improvement over previously
reported methods that relied on refluxing the metal and
ligand yielding the co-ligand free alkaline earth PFTB
complexes. Disadvantages of the prior route include
reaction temperatures (90—130 °C) significantly higher
than the boiling point of the H(PFTB) ligand (35 °C) for
an extended period of time (4—14 days).”>*” While the
published yields were good for strontium (100%) and
barium (84%), only 21% conversion was achieved for
calcium.” We here report on alternative synthetic meth-
odologies that afford all three metal derivatives in good
yield and purities; utilizing less strenuous reaction condi-
tions. Further, the improved routes allow the incorpora-
tion of co-ligands that, as shown below, have a significant
impact on the properties of the compounds.

Three synthetic routes (Methods A—C, Scheme 1) were
explored for the preparation of the target complexes, all
of which yielded the desired products in moderate to
excellent yield with high purity; although not every
method is applicable for all the alkaline earth metals.
For example, alkane elimination provides outstanding
results for the magnesium species, but the challenging
preparation and handling of the heavier alkaline earth
metal precursors makes this route less attractive, espe-
cially in light of potential commercialization. On the
other hand, ammonia activation of the metals is amenable
only to the heavier metals, as magnesium does not
dissolve in anhydrous liquid ammonia. Transamination
is applicable for all four metals, but for magnesium it does
not offer advantages over the commercially available
dibutyl magnesium precursor.

Alkane eliminations were performed in THF solutions
of H(PFTB) where the commercially available dibutyl
magnesium reagent was added slowly to yield the magne-
sium complexes. Typical yields for this reaction were
excellent and reaction times were very short (only 1 h).
The DME and diglyme donor complexes were obtained
by co-ligand exchange reactions. Dissolution of 1a in
either a solution of DME for 2a (29%) or a THF/diglyme
solution yielded 3a (47%, see Scheme 2). Attempts to
isolate the DME adduct, 2a, via THF solutions failed;
however, the diglyme adduct, 3a, could be isolated via
THF/diglyme solutions, likely the result of the chelate
effect.

The heavier metal derivatives can be prepared by direct
metalation via ammonia activation (Method B) and

(27) Purdy, A. U.S. Patent No. 4,982,019, 1991.
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bond lengths (A) bond angles (deg)
2b (M = Ca) 2¢ (M = Sr) 2b (M = Ca) 2¢ (M = Sr)
M-0(1) 2.168(2) 2.343(3) O(1)—M—-0(2) 112.36(8) 115.5(1)
M—-0(2) 2.196(2) 2.331(3) O(1)-M—-0(3) 154.45(8) 148.4(1)
M-0(3) 2.419(2) 2.603(2) O(1)-M—-0(4) 87.79(7) 86.99(9)
M—-0(4) 2.418(2) 2.561(3) O(1)—M—-0(5) 104.39(8) 119.7(1)
M-0(5) 2.413(2) 2.554(3) O(1)—M—-0(6) 89.42(8) 90.80(9)
M-0(6) 2.480(2) 2.596(3)
0(3)—M—-0(4) 67.30(7) 62.93(9)
O(5)—M—-0(6) 66.81(8) 63.76(9)
0(3)—M—-0(5) 94.62(7) 83.6(1)
0(3)—M—-0(6) 82.46(7) 80.56(9)
bond lengths (A) bond angles (deg)
Ba(1)—0O(1) 2.544(3) O(D#1—Ba(1)—0(1) 180.0
Ba(1)—0(2) 2.87(2) O(1)—Ba(1)—0O(2)#1 103.9(5)
Ba(1)—0(3) 2.85(2) O(1)—Ba(1)—0O3)#1 79.9(3)
Ba(1)—0(4) 2.90(2) O(1)—Ba(1)—0(4) 98.2(4)
Ba(1)—0O(5) 2.84(2) O(1)—Ba(1)—0O(5) 82.9(5)
Ba(1)—0(6) 2.84(2) O(1)—Ba(1)—O(6)#1 96.7(5)
Ba(1)—0(7) 2.83(2) O(1)—Ba(1)—0(7) 78.1(4)
O(2)#1—Ba(1)—O(3)#1 53.9(4)
O(4)—Ba(1)—0(5) 56.7(5)
O(6)—Ba(1)—O(7)#1 56.6(5)
0O(2)—Ba(1)—O(5)#1 72.1(4)
O3)#1—Ba(1)—O(6)#1 68.1(5)

“Symmetry transformations used to generate equivalent atoms. 2d: #1 —x+1, —y+1, —z+1.

Figure 3. Illustration of [Ba(PFTB),(dme)s] (2d). Thermal ellipsoids
shown at 30% probability, carbon atoms shown as spheres, and hydrogen
atoms removed for clarity.

transamination (Method C) methodologies. Both af-
forded the same complexes in significantly shorter reac-
tion times than previously reported.?*** However, methods
B and C differed in their respective yields, reaction time,
and simplicity. Method B (direct metalation in liquid
ammonia) gave excellent yields for the THF adduct alk-
aline earth complexes (1b, Ca, 100%:; 1¢, Sr, 100%; 1d, Ba,
99%) with reactions that where complete within an hour.
Analogously to the magnesium complexes, a co-ligand

Figure 4. Representation of [Ca(PFTB),(diglyme),] (3b) with all non
carbon atoms shown at 30% probability, carbon atoms shown as spheres
and all hydrogen atoms not shown for clarity.

exchange reaction with either 1b—d yielded the corres-
ponding co-ligand alkaline earth PFTB complex (see
Scheme 2). Method C (transamination) yielded the de-
sired complexes in moderate to good yield (1b, 92%; 1c,
69%: 3b, 55%; 3¢, 73%:; 3d, 66%) which were complete
within a few hours of combining the reagents. The high
solubility of the complexes in THF likely decreased the
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Figure 5. Illustration of [Ba(PFTB),(diglyme),] (3d). [St(PFTB),-
(diglyme),] (3¢) is isostructural. All non-carbon atoms shown as ellipsoids
with 30% probability, carbon atoms shown as spheres, and all hydrogen
atoms removed for clarity.

isolated yield percents; although the products were crys-
talline and of high purity. Unlike Method B, the diglyme
(3b—d) co-ligand adducts where prepared in situ for the
transaminations reactions; allowing fewer synthetic steps.
Disadvantages for Method C include the difficult prepa-
ration of Ae(HMDS),(thf),; although, more facile meth-
odologies have been recently reported.”* Analogously to
the magnesium species, the DME compounds (2b—d) were
prepared via a co-ligand exchange method (see Scheme 2)
from the THF coordinated species.

The target compounds are sensitive to desolvation as
exposure to slightly reduced pressure results in the loss of
the coordinated co-ligands; making elemental analysis
not applicable in determining the correct composition of
the isolated complexes. As such the formulas for the
described compounds are based on the crystallographic
data where available (1b—c, 2b—d, 3b—d) and further
supported by spectroscopic data (IR, multinuclear
NMR). The formulas for the non-crystallographically
characterized compounds (1—3a, 1d) are based on spec-
troscopic information (IR, multinuclear NMR) and
gravimetric analysis. Unfortunately, NMR spectro-
scopy cannot be utilized to determine exact ligand
to co-ligand ratios; these were determined by gravi-
metric analysis. However the presence ofthe co-ligands
for 1-3a and 1d were confirmed by 'H NMR and
further supported by '*C NMR. All the samples gave
a singlet in the '’F NMR confirming the presence of
PFTB.

All reported complexes are non-pyrophoric in nature
and can be safely handled in open air. However, pro-
longed exposure of the complexes to the atmosphere leads
to hydration of the complexes.

4.2. Structural Comparisons. A few of the compounds
reported 1—3a and 1d did not afford X-ray quality
crystals. Structural information is available for 1b—c,
2b—d, and 3b—d; these complexes are all monomeric
and display two general structural motifs with the ligands
either in the cis or in the trans positions. These conforma-
tions are coordination number and co-ligand dependent,
with the THF adduct adopting only the cis conformation,
while the DME adducts display both cis and trans, and
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the diglyme compounds exhibit exclusively trans orien-
tations.

In general the complexes display octahedral or pseudo-
octahedral (i.e., pentagonal or hexagonal bipyramidal)
geometries with coordination numbers between six and
eight. Slight deviations from ideality are noticed in the
bond angles; however, the M—O distances are all uni-
form [Ca—O(PFTB), 2.20(2) A (av); Ca—O(co-ligand),
2.46(4) A (av); St—O(PFTB), 2.35(2) A (av); Sr—O(co-
ligand), 2.62(9) A (av); Ba—O(PFTB), 2.539(7) A (av);
Ba—O(co-ligand), 2.86(2) A (av)]; furthermore, the in-
crease in bond distance smoothly increases with the
larger ionic radii [ACa—Sr—O(PFTB) = 0.15 A;
ACa—Sr (rionic) = 0.18 A; ASr—~Ba—O(PFTB) = 0.19
A; ASt—Ba (rignic) = 0.17 A] However, the coordina-
tion number of the complexes does significantly affect
the contact distance of the co-ligand; these differences
will be discussed individually, although as expected, the
metals co-ligand distance increases with increasing co-
ordination number.

4.2.1. THF Adducted Compounds. The calcium and
strontium compounds, [Ae(PFTB),(thf),] (Ae = Ca, 1b;
Ae=Sr, 1¢) are isostructural to one another (see Figure 1).
Both exhibit a distorted octahedral geometry where the cis
angle between the PFTB ligands are more obtuse [1b,
103.93(9)°; 1¢, 112.96(15)°] than the ideal 90°; a result of
the steric bulk of the PFTB ligand and from intramolecular
F—F repulsions. The M—O bonds agree well with the
other complexes in this report [1b: Ca—O(PFTB), 2.183-
(2)—2.205(2) A; Ca—O(THF), 2.42(2) A (av); le: Sr—O-
(PFTB), 2.328(4)—2.338(4) A; Sr—O(THF), 2.56(6) A (av);
Table 2]. The preference for the cis conformation in the
THF adducts is unclear, no short contacts between M—F
were observed, although polarization of the molecule may
explain this conformation.

4.2.2. DME Adducted Complexes. Compounds [Ae-
(PFTB),(dme),] (Ae = Ca, 2b; Ae = Sr, 2¢) are similar to
[Ae(PFTB),(thf)4] (Ae = Ca, 1b; Ae = Sr, 1¢); both form
distorted octahedra with the ligands in cis conformations
(see Figure 2). The similar coordination environments
and bond angles result in M—O distances that are similar
[2b: Ca—O(PFTB), 2.168(2)—2.196(2) A; Ca— O(DME),
2.43(2) A (av); 2¢: St—O(PFTB), 2.331(3)—2.342(3) A;
Sr—O(DME), 2.58(2) A (av); Table 3]; here the difference
in bond lengths approximate the difference in ionic radii
of the metals [AM—O(PFTB) = 0.14—0. 16 A; AM(Fionic) =
0.18 A] 28 The slightly larger cis angle compared to that
of the THF-adducts [2b, 112.36(8)° 2¢, 115.5(1)°]
occurs as a result of the smaller steric demands of the
bidentate DME. An additional consequence of the smal-
ler co-ligand size is that both 2b—c have a weak, long
distance M—F contact [2b, 3.033(6) A; 2¢, 3. 24(2) Al.
While these interactions are less than the sum of the Van
der Waals radius of fluorine and the metal [Ca—F, 3.9 A;
Sr—F, 4.05 A] ? they are not short enough to be con-
sidered a significant secondary M—F interaction. Our
recent work with the PFTB indicates that M—F inter-
actions may be quantified by using a bond-valence
sums analysis, leading to interaction distances that are

(28) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751-767.
(29) Batsanov, S. S. Inorganic Materials (Translation of Neorganicheskie
Materialy) 2001, 37, 871-885.
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distance (A) angle (deg)
3b 3b
molecule A molecule B molecule A molecule B
Ca—0(1) 2.212(2) 2.214(2) O(1)—Ca(1)—0(2) 172.51(9) 174.74(9)
Ca—0(2) 2.205(2) 2.214(2) O(1)—Ca(1)—0(3) 86.44(9) 85.19(8)
Ca—0(3) 2.554(2) 2.500(2) O(1)—Ca(1)—0(4) 88.20(8) 87.65(8)
Ca—0(4) 2.469(2) 2.471(2) O(1)—Ca(1)—0(5) 102.29(9) 101.55(9)
Ca—0(5) 2.502(2) 2.4383(2) O(1)—Ca(1)—0(6) 90.34(8) 87.00(8)
Ca—0(6) 2.511(2) 2.512(2) O(1)—Ca(1)—0(7) 86.53(8) 93.22(8)
Ca—0(7) 2.467(2) 2.446(2)
0O(3)—Ca(1)—0(4) 65.39(8) 65.25(8)
O(4)—Ca(1)—0(5) 66.47(8) 66.15(8)
0O(6)—Ca(1)—0(7) 68.28(8) 68.27(8)
O(5)—Ca(1)—0(6) 73.13(8) 75.31(8)
0O(3)—Ca(1)—0(7) 87.87(8) 87.50(8)
distance (A) angle (deg)”
3¢ (M = Sr) 3d (M = Ba) 3¢ (M = Sr) 3d (M = Ba)
M—-0O(1) 2.389(1) 2.5335(9) O(1)—M—-0O(1)#1 180.0 180.0
M-0(2) 2.699(1) 2.8622(9) O(1)-M—-0(2) 102.80(3) 104.14(3)
M—-0(3) 2.731(1) 2.8435(9) O(1)-M—-0(3) 86.30(3) 89.28(3)
M—-0(4) 2.773(1) 2.8835(9) O(1)—M—0O(4)#1 88.18(3) 90.32(3)
0(2)—M—-0(3) 58.99(3) 57.33(3)
0(2)—M—-0O(4)#1 59.11(3) 57.58(3)
0(3)—M—-0(4) 65.43(3) 67.52(3)

“Symmetry transformations used to generate equivalent atoms. 3¢—d: #1 —x+2, —y+2, —z.

Table 5. Critical Thermal Features Belonging to the Alkaline Earth Perfluoro-
t-butoxide Complexes at Ambient Pressure

Table 6. Representative TGA and Sublimation Data for Alkaline Earth MOCVD
Precursors

T T wt % wt %
compound (°C) (°C) wt%° (AeF»)? (AeO)
[Mg(PFTB),(thf),] (1a) 25¢ 350 83-12 9.7 6.3
[Mg(PFTB),(dme)] (2a) 80/ 300 09-13 106 69
[Mg(PFTB)y(diglyme)] (3a) 150 224 13-1.7 9.9 6.4
[Ca(PFTB)(thf)4] (1b) 88/ 350 1.6-17 9.7 7.0

[Ca(PFTB)x(dme),] (2b) 120/ 250 1.0-25 118 85
[Ca(PFTB)y(diglyme),] 3b) 175/ 400 33-6.6 100 7.2

[S{(PFTB),(th),] (1c) 133 287 0.7-1.1 148 12.2
[St(PFTB),(dme),] (2¢) 179 282 02-04 17.8 14.6
[SH(PFTB)(diglyme),] (3¢) 175 290 1.4-44 152 125
[Ba(PFTB),(th),] (1d) 220 368 24-80 196  17.1

[Ba(PFTB)s(dme);] (2d) 240 370 7.5-8.0  19.9 17.5
[Ba(PFTB),(diglyme),] (3d) 210 370 5.0-17  20.0  17.5

“Onset of complex sublimation (the largest weight percent decrease).
®Final plateau of TGA profile. Weight percent at T,. Calculated
weight percent for complete conversion to the alkaline earth fluoride.

Cdlculdted weight percent for complete conversion to the alkaline earth
oxide.” Indicates the beginning of the weight loss. ¢ Indicates that weight
percent change occurred immediately.

significantly shorter;* this view is further supported by
the literature.”'

In contrast to the calcium and strontium complexes, the
barium species (2d) displays a trans ligand conformation.
A noticeable difference between the Ca/Sr and Ba com-
pounds is the coordination number; 2b—c are hexa-
coordinated in a distorted octahedral geometry whereas
2d is eight coordinate, displaying a distorted hexagonal
bipyramidal geometry (Figure 3). The three DME co-
ligands occupy a tilted equatorial plane deviating as much
as 13.9°, resulting in a tilted belt of coordinated DME

(30) Buchanan, W. D.; Ruhlandt-Senge, K., manuscript in preparation.
(31) Plenio, H. Chem. Rev. (Washington, D. C.) 1997, 97, 3363-3384.

TGA

compound T (°C) To" (°C) wt % SP/P¢ ref.
[Ca(PFTB),]. 140/<107° 23
[St(PFTB)], 230/<107> 23
[Ba(PFTB),]. 280/<107° 23
Ba(TMHD),(tetraglyme) 320 410 6 10
Ca(HFA),(triglyme) 100/2 x 1072 8
Sr(HFA)(tetraglyme) 115/1072 8
Ba(HFA),(hexaglyme) 1452 x 1072 8

Ba(HFA),(tetraglyme) 125" 310" ~5 120/107° 9,10
Ba(TDFND),(tetraglyme) 160 305 1 10
Ba(HFA),(18-crown-6) 150—200/1073 12
Ba(TMHD),(diglyme), 240 402 6 9

“Sublimation onset temperature. ” Sublimation complete tempera-
ture. “ Sublimation point in degrees Celsius at a specific pressure in Torr;
TMHD = 2,2,6,6-tetramethly-3,5-heptadione; HFA = hexafluoroace-
tylacetonate; TDFND = 1,1,1,2,2.3,3,7,7,8,8,9,9,9-tetradecafluorono-
nane-4,5-dione.

co-ligands around the Ba metal center, The Ba—O dis-
tances in 2d [Ba—O(PFTB), 2.544(3) A; Ba—O(DME),
2.86(3) A (av)] compare favorably with the average
Ba—O(PFTB) bond lengths given above, as well as to
Ba—O distances of other simple fluoroalkoxides. For
example Bas(us—OH)[u3-OCH(CF3),]4[u-OCH(CF3),)s-
[OCH(CF3)2](THF)4(H20) -THF displays Ba—O bonds
between 2.53(3)—2.86(3) A,* and the related BaAg(PFTB);-
(thf),, has a terminal Ba—O distance of 2.448(12) A.** Not
surprisingly and in contrast to 2b—c¢, the increase in coordi-
native saturation through additional DME coordination and

(32) Vincent, H.; Labrize, F.; Hubert-Pfalzgraf, L. G. Polyhedron 1994,
13,3323-3327.
(33) Purdy, A. P.; George, C. F. ACS Symp. Ser. 1994, 555, 405-420.
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Figure 6. Thermogravimetric plot of the weight percent change for [Mg(PFTB)y(thf),] (1a), [Ca(PFTB),(thf),] (1b), [St(PFTB),(thf),] (1c), and

[Ba(PFTB)s(thf),] (1d).
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Figure 7. Thermogravimetric plot of the weight percent change for [Mg(PFTB),(dme)] (2a), [Ca(PFTB),(dme),] (2b), [St(PFTB),(dme),] (2¢), and

[Ba(PFTB),(dme)s] (2d).

trans ligand configuration in 2d does not allow for steric
flexibility resulting in the absence of long distance Ba—F
contacts.

4.2.3. Diglyme Adducted Complexes. Incorporation
of the tridentate diglyme ligand affords [Ae(PFTB),-
(diglyme),] [Ae = Ca, (3b); Ae = Sr, (3¢); Ae = Ba, (3d)].
Coordinately 3b—d are related to 2d by the trans conforma-
tion of the PFTB ligand, as well as co-ligands that form a
tilted belt around the metal center. Both 3¢ and 3d have a
coordination number of eight forming distorted hexagonal-
bipyramid geometries about the metal center (Figures 4, 5).

Both 3¢ and 3d, like 2d, have a center of symmetry located
at the metal resulting in a trans angle of 180°; an additional
similarity results from the tilted orientation of the co-
ligands in 3c—d to form a tilted belt around the metal
center where the maximum off equatorial plane tilt is 12.8°
for Sr(PFTB),(diglyme), (3¢) and 14.1° for Ba(PFTB),-
(diglyme), (3d). The increase in coordination number in 3¢
results in slight elongation of the Sr—O(diglyme) bonds [3c:
Sr—O(diglyme), 2.72(4) A (av); Table 4] compared to lc
and 2¢ [1c: Sr—O(THF), 2.56(6) A (av); 2¢: Sr—O(DME),
2.58(2) A (av)]. The Ba—O(diglyme) distance [2.86(2) A
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Figure 8. Thermogravimetric plot of the weight percent change for [Mg(PFTB),(diglyme)] (3a), [Ca(PFTB),(diglyme),] (3b), [St(PFTB),(diglyme)] (3c),

and [Ba(PFTB),(diglyme)s] (3d).

(av)] in 3d compares well to the Ba—O(DME) distance
in 2d.

Of the diglyme species, [Ca(PFTB),(diglyme),] (3b)
varies the most in comparison to its heavier analogues.
Unlike 3¢—d and 2d the frans angles does not lie across a
center of symmetry giving the O(PFTB)—Ca—O(PFTB)a
modest range of 172.51(9) and 174.74(9)° for the two
independent molecules. The smaller ionic radii of calcium
allows 3b to achieve coordinative saturation via seven
Ca—0 bonds, two to the ligand oxygen atoms and five to
oxygen atoms from the diglyme co-ligand, resulting in a
distorted pentagonal-bipyramid geometry on each cal-
cium atom. The odd coordination number is possible by
two of the three oxygen atoms from one diglyme inter-
acting, while in the second one all three oxygen atoms
interact with Ca. The degree of off equatorial plane tilt is
12.3°, comparing well to both 3c—d. The increase in
coordination number does not result in a significant
increase in the Ca—O(diglyme) distances [2.49(3) A (av)]
compared to 1b or 2b.

4.3. Thermal Gravimetric Analyses (TGA). Thermal
gravimetric analysis of the compounds discussed above
reveal the high volatility of this family of compounds. All
of the compounds volatilize significantly below 400 °C
and, with few exceptions, leave a weight percent residue
that is significantly less than the weight percent of an
alkaline earth fluoride or oxide, both likely thermal
decomposition products (see Table 5). The low weight
percents strongly indicate that metal transport occurs and
that many of these compounds have potential as precur-
sor molecules in MOCVD. Importantly, the presence of
co-ligands vastly improves the thermal properties of the
compounds as the previous co-ligand free molecules re-
quired a significant vacuum (< 10> Torr) to sublime at
slightly higher temperatures.”® Furthermore, certain co-
ligands performed better than others, as outlined below.

Table 6 contains a selected list of compounds that are often
utilized for MOCVD applications and provides our basis of
comparison.

The TGA profiles of the THF adducted compounds
(see Figure 6) shows a steady decrease in mass for 1la—b.
The sublimation profile for 1a indicates decomposition of
the precursor into MgO and/or MgF,, elucidating 1a as
an inappropriate candidate for MOCVD. Recent compu-
tational work provides evidence that the light alkaline
earth metals (Be and Mg) would have more reactive com-
plexes with fluorinated ligands, the result of the high
charge to size ratio, leading to cleavage of the C—F
bond.** Likewise, the profile for 1b is similar to that of
1a in that a steady decrease in weight percent is observed,
but the low final weight percents for 1b indicate a nearly
complete sublimation with only 1.6—1.7 residual weight
percent. Furthermore, the TGA profiles for 1¢—d show
abrupt changes in weight percent indicating first the
partial loss of the co-ligand THF molecules [1c: 133 °C;
1d: 90 °C] followed by volatilization of the complex [1e¢:
287 °C; 1d: 368 °C]. Compounds 1b—d all display good
thermal properties as shown by their low final weight
percents and their competitiveness with contemporary
ligands (see Table 6).

The DME adducted complexes displayed the best over-
all thermal properties. TGA profiles (see Figure 7) behave
similarly to those of the THF complexes; the Mg and Ca
species, (2a—b) show slow decreases indicating possible
decomposition, but the Sr and Ba (2¢—d) species display
sudden declines in weight percent. Both 2¢—d seem to
partially lose the coordinated DME co-ligand [2¢: 180 °C;
2d: 198 °C] and then sublime. However, unlike the THF
adducted species, all the DME complexes leave weight

(34) Buchanan, W. D.; Allis, D. G.; Ruhlandt-Senge, K., manuscript in
preparation.
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percent residues that are significantly less than the weight
percents of the fluoride or oxide decomposition products
(see Table 5). The weight percents for 2a and 2c¢ signifi-
cantly decrease from the THF adducts, whereas 2b and 2d
remain comparable to the THF species. Furthermore, the
onset of sublimation does increase compared to the THF
species, but the temperature where sublimation comple-
tion occurs decreases for 2a—b and remains the same for
2¢—d. The less favorable thermal properties for la—b
are likely the result of the THF co-ligand; the multi-
dentate DME co-ligand results in complexes more inert to
the atmosphere.

With the exception of the magnesium species (3a), the
diglyme coordinated complexes display good thermal
properties (see Figure 8). Unlike the other magnesium
compounds, 3a shows a single sharp decrease beginn-
ing at 150 °C indicating the molecule sublimes intact
leaving a 1.3—1.7 weight percent. However, 3b—d sub-
lime in two stages, the first being the loss of the co-
ordinated diglyme co-ligand followed by the sublima-
tion of the complex. Overall the diglyme coordinated
complexes displayed similar thermal properties to the
DME coordinated complexes, but left higher weight
percents.

Many of the described complexes (1e—d, 2¢—d, and
3b—d) display a two-stage sublimation profile where
initially the bound co-ligand is lost followed by sublima-
tion of the complex. This indicates that the co-ligand is
necessary as it prevents initial aggregation of the alkaline
earth species. During heating the loss of co-ligand does
not allow for extended aggregation to occur (likely
through M—F and extend bridging motifs) and thus the
complexes retain the sought after volatility. Established
compounds display higher sublimation points;>* possibly
the result of extended aggregation thus decreasing the
volatility of these compounds. Furthermore, the DME
co-ligand seems to optimize the thermal properties for
many of these compounds (2a, 2b, 2¢), with the ligands’
bidentate nature providing enough steric saturation for
the metal centers to make the complexes inert for safe
handling, yet DME is removed easily under heating
without raising the sublimation point too high. This is
demonstrated in Table 5 where both sublimation onset
and completion are shown to compare favorably to the
other complexes reported here as well as to previ-
ously reported complexes. Furthermore, the low weight
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percents for the DME coordinated compounds indicate a
minimal amount of residue, suggesting near quantitative
sublimation for many of the reported complexes.

5. Conclusion

A series of alkaline earth PFTBs has been prepared
and evaluated for its potential as a MOCVD precursor.
The success of this ligand with alkaline earth metals can be
explained by the large steric bulk (reducing oligomerization),
and the use of co-ligand molecules which further decrease
oligomeric tendencies. Complexes containing one of the co-
ligands THF, DME, or diglyme significantly increased the
volatility of the complex when compared to the previous co-
ligand free species.”*** Additionally, several synthetic strate-
gies were developed that allow the isolation of high quality
products with very short reaction times (1—18 h).

The complexes of this study have shown exceptional
stability toward air unlike other MOCVD precursors. The
resulting complexes not only show excellent thermal gravi-
metric profiles, but exposure to atmospheric conditions (O,/
H,0) does not lead to pyrophoric decomposition of the
materials illustrating a significant increase in safety.

A series of novel, volatile alkaline earth complexes contain-
ing PFTB as the ligand has been examined. The facile
preparation of these complexes was achieved utilizing the
metals and using liquid ammonia to activate the metals. This
route enabled the synthesis of high yield and purity products.
Furthermore, co-ligands could easily be exchanged (THF to
DME, or THF to diglyme) tuning the thermal properties to
more desirable sublimation onsets and significantly decreas-
ing the residue weight percents. Single crystal X-ray analyses
of these compounds reveals a series of monometallic com-
pounds where the bulky PFTB ligand occupies either the cis
or the trans position in octahedral or pseudo-octahedral
environments around the metal centers. The co-ligands allow
monomeric complexes with excellent thermal properties. The
DME co-ligand seems to optimize the thermal properties for
Ca and Sr.
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