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ABSTRACT

Silicon nitride thin films have key industrial applications in the manufacturing of
semiconductors, but these applications impose strict requirements on the film growth process.
Specifically, the SiN films must be deposited at temperatures below 400 °C to avoid device
degradation, and they must be deposited conformally to meet the demand of smaller feature sizes.
In chapter 1, the synthesis and deposition of a new precursor for silicon nitride thin films, 1,1-
diazido-1-silacyclopent-3-ene (1) is described. Precursor 1, a known compound, was synthesized
by treating 1,1-dichloro-1-silacyclopent-3-ene with two equivalents of NaN3s in acetonitrile, and
was purified by distillation under reduced pressures. Deposition experiments were performed in a
hot-wall chemical vapor deposition (CVD) reactor show that 1 deposits films at temperatures as
low as 400 °C and with excellent conformality in trenches with aspect ratios up to 3.5:1. Elemental
characterization of these films, performed by Auger spectroscopy, show that these films contain
Si (~10 %) and N (~10 %) in a 1:1 ratio but have high C (~40 %) and O (~40 %) contents, which
is likely attributed to the presence of residual moisture and oxygen in the reaction chamber and the
slow removal of volatile organic byproducts.

In chapter 2, we describe the syntheses and molecular structures of new Sm' and Tm'" N,N-
dimethylaminodiboranate (DMADB) complexes. Treatment of solutions of Smlx(thf). in thf with
Na(HsBNMezBHs3) results in the formation of Sm(HsBNMe2BH3)2(thf)s which can be readily
converted to the dimethyoxyethane (dme) adduct, Sm(HsBNMe2BH3)2(dme). by treatment with
dme. We also show that Sm(HsBNMe2BHs),(thf)s can be prepared by the reduction of the Sm'"
compound, Sm(HsBNMe2BHj3)3(thf), with KCg,and that addition of 18-crown-6 to this reaction
mixture results in the formation of Sm(H3:BNMe2BHz3)2(18-crown-6). The new Tm'! complexes

were synthesized analogously to 1; treatment of Tml solutions in thf with Na(Hs:BNMe2BHj3)



resulted in the formation of 1:1 mixtures of Tm(H:BNMe:BHz3)2(thf)s and
Tm(HsBNMe;BHs)(thf).. IR and *H NMR data are reported for all these compounds along with

their crystal structures.
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CHAPTER 1: SILYL AZIDE PRECURSORS FOR THE DEPOSITION OF SILICON
NITRIDE THIN FILMS

Introduction

Silicon nitride (SiN) thin films have several applications in the manufacturing of
microelectronic devices, ranging from gate dielectrics'® to encapsulation layers and diffusion
barriers.* > These applications, however, impose strict requirements on the film growth process.
Specifically, the SiN films must be deposited at temperatures below 400 °C to avoid device
degradation caused by interfacial reactions,®® and the films must be grown conformally, an
attribute that has become increasingly more important as the sizes of device features decrease and
the aspect ratios of vias and trenches increase.® 1° Conformal films (Figure 1.1a) have a step
coverage of 1, where step coverage is defined as the ratio of coating thickness at the bottom of the
sidewall of a trench to the coating at the top of the sidewall. In contrast, most film deposition
processes result in the growth of subconformal films (Figure 1.1b) which have a step coverages of
less than 1; continued deposition results in the formation of a void and a phenomenon called pinch-

off (Figure 1.1c).2

a) b)

Figure 1.1. (a) conformal (step coverage = 1) and (b) non-conformal (step coverage < 1) film
growth in a trench; (c) an illustration of the pinch-off effect, one of the undesirable

consequences of non-conformal growth.



One method that has been used successfully to grow conformal films of SiN at
temperatures within the thermal budget is atomic layer deposition (ALD) (see Table 1.1).>8 1112
ALD processes typically involve the use of two precursors: for SiN, one precursor is a silicon-
containing reagent and the other is a nitrogen-containing reagent. In step one of the ALD process,
the first precursor is introduced to the sample chamber, where it reacts with the substrate to form
what is essentially a monolayer of reacted precursor. Excess precursor is purged from the chamber
and the second precursor is added, which reacts with the monolayer to give the desired material.
The chamber is then purged to remove any excess of the second precursor and the cycle is repeated

until the desired film thickness is achieved.!® 14
Table 1.1. Summary of deposition of SiN films by ALD or CVD. Adapted from reference 8.

Temperature  Step coverage Aspect

Precursors °C) (%) ratio Ref
SizClg + NH3 300-500 >80 60:1 15
Si2Clg + NH3 350-450 >05 5:1 1
SiH4 + N2 plasma 250-400 <50 3.5:1 16
N(SiHs)3 + N2/H2 plasma 300, 400 84, 80 2:1 17
MesSiN(SiHMeNMey), + N2 plasma 250-400 73 5.5:1 18
Si(SiH3)4 + N2 plasma 250-300 50 6:1 19
SiH3N(°*Bu). + N2 plasma 100-500 50 45:1 8
N(SiHs)3 +N2/H; plasma? 200-400 91 4.2:1 20
SiH4 + NH3? 350 100 1.5:1 21
SiHs + NHz? 200-400 100 1:1 22

2 Deposition technique was CVD.

An alternative method for growing SiN films is chemical vapor deposition (CVD). Unlike
ALD, which involves the cyclic exposure of a surface to short bursts of two or more precursors,

CVD involves the continuous exposure of a surface to a precursor or mixture of precursors (Figure



1.2). The growth of the film can be induced purely thermally, or it can be assisted making use of
a non-thermal energy source such as a plasma, which often reduces the temperature at which films

can be grown.?

1) Transportation of gaseous precursor(s)
into reactor and gas-phase reactions

CX 0% O
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|
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L nucleation and island
| growth
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Figure 1.2. General mechanism for the deposition of thin films by

chemical vapor deposition (CVD). Figure adapted from reference 23.

Recent attention has focused on depositing SiN films by ALD because this technique is
often able to afford films with better conformality than CVD techniques.'® 1" However, ALD does
suffer from disadvantages, one of which is that deposition rates are often quite slow (often on the
order of A/cycle) in comparison to the rates possible with CVD. The slow growth leads to an
increased processing time and higher manufacturing costs.®® 2 This disadvantage makes it
worthwhile to reinvestigate CVD methods such as low-pressure CVD (LPCVD)? and plasma-
enhanced CVD (PECVD)? to grow SiN films. What is needed are new precursors that can afford

conformal films at lower onset temperatures than those that have been investigated to date.



Although the reactions that occur during the CVD of SiN are not well understood (see
references for further discussion on this topic),' 2628 the rate determining step very likely involves
breaking a bond. For the systems mentioned in Table 1.1, the strongest bonds are N=N (BDE =
946 kJ/mol), Si-Cl (BDE = 460 kd/mol), N-H (BDE = 435 kJ/mol), and Si-H (BDE = 384 ki/mol).2°
Depositions from precursors with such high BDEs will tend to have high activation energies and
high onset temperatures for growth. In addition, the difficulty of breaking these bonds often means
that heteroatoms such as hydrogen?® or chlorine® 2 remain in the film.

In contrast, organosilyl azides of the form RnSi(N3)sn, Where R is a hydrocarbyl
substituent, have bonds that are somewhat less strong, such as Si-C (BDE = 368 kJ/mol)*® and N-
C (BDE = 356 kJ/mol).3! The generally accepted decomposition mechanism for this class of
compounds begins with loss of N2 from an azide group, followed by a Curtius-type rearrangement
in which one of the carbon substituents attached to the silicon migrates to the nitrogen that lost
N.243234 Others also suggest that decomposition involves the loss of 3 equivalents of N2 to form
a silylene.®> 3¢

Silicon azides have been explored as CVD precursors to silicon nitrides,?* 3% and we
believe that further investigations of this class of molecules could lead to significant advances in

the deposition of SiN by CVD, most particularly in lowering the deposition onset temperature.

Results and Discussion

Synthesis of Precursor 1. Motivated by the industrial need for SiN precursors that can
deposit conformal films at low temperatures and on reasonable timescales, we decided to test the
utility of 1,1-diazido-1-silacyclopent-3-ene (1) as a SiN precursor. Precursor 1 is a member of the

class of silyl azides which, as mentioned in the introduction, potentially can form silicon nitride



without the need to break N=N, N-H, or Si-H bonds. We suspected that this attribute would result
in lower deposition temperatures.

Precursor 1, a known compound, was synthesized by the scheme shown below.*% 4

| .
¢ SiCly
Cl
+ HSiCl NEts, CuCl Mg Y 2 NaN, ./N3
8 24nrs 24 hrs | S 4 hrs | Si
Cl B0 o B Cl  mecn 1 N5

Treatment of a mixture of CuCl, triethylamine, and 1,4-dichloro-2-butene in ether with
trichlorosilane results in the formation of 1-trichlorosilyl-4-chloro-2-butene. Subsequent reaction
of this compound with Mg produces a Grignard reagent that undergoes ring closure to afford 1,1-
dichloro-1-silacyclopent-3-ene. ~ This compound is readily converted to 1,1-diazido-1-
silacyclopent-3-ene, 1, by treatment with two equivalents of NaNs in acetonitrile. The identity of
1 was confirmed by *H-NMR spectroscopy, IR spectroscopy, and mass spectrometry. After the
final distillation of 1 at 84 °C (15 mmHg), trace amounts of Et,O and MeCN are present, as
revealed by *H-NMR spectroscopy. Removal of the final traces of solvents can be effected by
exposing the final distillate to vacuum at 0 °C for 30 min. The successful removal of the impurities
was verified by *H-NMR spectroscopy.

Deposition of Films from Precursor 1. Deposition experiments with precursor 1 were
performed in the glass apparatus shown in Figure 1.3. The apparatus was connected by means of
an L-joint to a Schlenk tube that served as the precursor reservoir. The reservoir was heated in an
oil bath and the L-joint was heated with heating tape. The apparatus was connected to a vacuum
manifold and heated to the desired deposition temperature in a tube furnace. Gaseous byproducts

that exited through the sampling tube were collected in a trap cooled with liquid Na.
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Figure 1.3. Schematic diagram of CVD apparatus used in deposition experiments.

Films were grown from 1 on Si(100) at 400 °C over a period of 5 h; under these conditions,
the films were 56 nm thick (Figure 1.4a) and were quite smooth and non-columnar. The
compositions of the films were determined by Auger depth profiles (Figure 1.5). These techniques
show that the films contain Si (~10 %) and N (~10 %) in a 1:1 ratio but have high C (~40 %) and
O (~40 %) contents. In addition, the refractive index of the films is 1.65 (Figure 1.6), which is
between that of SiO2 (n = 1.46) and SisN4 (n = 2.05).

For comparison, the precursor EtSi(N3)s can deposit films with much lower C and O
contents (about 10% each) but only at much higher temperatures of 500 °C (Table 1.2).2* This
experiment was conducted in a better vacuum than that used in our experiment, and it is likely that
much of the carbon and oxygen contamination in our film can be attributed to the presence of
residual moisture and oxygen in the reaction chamber and the slow removal of volatile organic
byproducts.

Additional experiments were conducted on different substrates and at lower deposition
temperatures. These experiments show that no film growth occurs on Si(100) at deposition
temperatures below 400 °C (Figure 1.4b), but 20 nm films could be grown at 350 °C on gold
substrates (Figure 1.7b). Analogous experiments at 400 °C show that 1 deposits films on Au

6



(Figure 1.7a) that are about 20 nm thicker than those deposited on Si(100) under the same
conditions. It is evident from Table 1.2 that, in comparison to deposition temperatures of other
CVD precursors, 1 deposits films toward the low end of the temperature spectrum, and that it meets

the 400 °C thermal budget requirements for SiN applications in microelectronics.
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Figure 1.4. Cross-section SEM image of  Figure 1.5. Auger depth profiles of films
film grown from 1 on Si(100) surfaces (a) at  grown from 1 on Si(100) surface at 400 °C.

400 °C and (b) at 350 °C. Images collected  Data collected by Tushar Talukdar.

by Tushar Talukdar.

Table 1.2. Deposition experiments involving other silyl azides.

Precursor Deposition Method  Deposition Temperature (°C) Reference

1 Thermal CVD 400 This Work
EtSi(N3)s LPCVD 500, 600 24
Et2Si(N3):2 LPCVD 500, 600 24
(t-Bu)Si(Ns)3 LPCVD 450 24
Me3Si(N3) PECVD 25-150 2
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Figure 1.6. Surface ellipsometry traces comparing the refractive indices of the films
deposited from 1 at 400 °C (middle, blue) with traces expected for pure SiO2 (bottom, green)
and SisNs (top, red). The refractive index of films grown from 1 is 82% of the refractive index

of SisNa, and 140% of the refractive index of SiO,. Data collected by Tushar Talukdar.
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Figure 1.7. Cross-section SEM images of SisN4 grown from 1 on Au (a) at 400 °C and (b) at

350 °C. Images collected by Tushar Talukdar.
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Figure 1.8. Cross-sectional SEM images of SizN4 grown at 400 °C from 1 on SisN4 trenches

with an aspect ratio of (a) 3.5 and (b) 6.7. Images collected by Tushar Talukdar.

The conformality of film growth was tested by performing deposition experiments
employing SisN4 substrates with pre-made trenches of varying aspect ratios. SEM images of films
after deposition revealed that 1 deposits films with excellent conformality at aspect ratios of 3.5
(Figure 1.8a), but grows films with narrow seamlines at an aspect ratio of 6.7 (Figure 1.8b).
Unfortunately, no conformality data was reported for the precursors listed in Table 1.2 and, in fact,
the few studies of step coverages for the deposition of SiN by CVD report results only for features
with very low aspect ratios (see Table 1.1),2> 22 with one exception: deposition from N(SiHs)s by
PECVD affords SiN films with a step coverage of 0.91 in features with an aspect ratio of 4.2:1.2°
With respect to SiN films deposited by ALD (Table 1.1), the ability of 1 to fill a feature without a
seamline at an aspect ratio of 3.5:1 rivals the best achievements to date.

Synthesis of Precursor 2. Inspired by the positive results above, we sought to make a
second SiN precursor, 1,3-di-tert-butyl-2,2-diazido-1,3-diaza-2-silacyclopent-4-ene (2). The

silylene analogue of this compound, 1,3-di-tert-butyl-1,3-diaza-2-silacyclopent-4-en-2-ylidene,



which can be readily synthesized by treatment of the chlorine analogue with potassium,*> * is
quite thermally stable.*? 4445

The new precursor 2 has been prepared by the reaction sequence shown below.* In the
first step, the reaction of glyoxal with two equivalents of tert-butyl amine affords glyoxal-bis-(N-
tert-butylimine). Reduction of this diimine with excess lithium in thf forms lithium di(N-tert-
butyl)-1,2-ethylenediamide, which is subsequently treated with one equiv. of silicon tetrachloride.
Sublimation of the resulting reaction product at 30 °C (107 Torr) affords white crystals of 1,3-di-
tert-butyl-2,2-dichloro-1,3-diaza-2-silacyclopent-4-ene which exhibits two peaks in its *H-NMR

spectrum at & 1.24 (t-Bu) and 6 5.75 (CH).

0
4 N : . _
= 2 Li sicl N 2 LiN N
+ tBUNH, [ k [ g —3>[ N
45 min =N 24 hrs 24 hrs Nl 48 hrs N~ N
o/ 0°C 78 °C —RT -196 °C—>RT MRJCN
H,0 thf thf
2

Initial attempts to convert this dichlorosilane into the corresponding diazidosilane were
conducted in the same way was that successfully afforded precursor 2, i.e., by treatment with NaN3
in acetonitrile. However, *H and **C-NMR spectroscopy showed that these reaction conditions
gave only small amounts of the desired diazide. We subsequently found that the best conversion
was achieved by treating the dichlorosilane with excess LiN3 in acetonitrile for 48 hours. The
successful synthesis of 2 was confirmed by the presence of two new resonances in the *H-NMR

spectrum at & 1.16 and & 5.65 consistent with the formation of the diazidosilane product.

Concluding Remarks. We have shown that the precursor 1,1-diazido-1-silacyclopent-3-
ene (1) deposits films at temperatures of 400 °C with high conformality in trenches with aspect

ratios of 3.5:1, but the films have high C and O contents. The deposition temperature of 400 °C is

10



within the thermal budget for current industrial needs.®® Future experiments with 1 should aim at
minimizing oxygen and carbon content in films; specifically, experiments should be conducted in
a better vacuum environment than that present in our glass apparatus. The resulting film
compositions, refractive indices, and growth rates should be measured as a function of

temperature.

Experimental

All operations were carried out in vacuum or under argon using standard Schlenk
techniques. All glassware was dried in an oven at 150 °C, assembled hot, and allowed to cool
under vacuum before use. Tetrahydrofuran (thf) and pentane were distilled under nitrogen from
sodium/benzophenone, and acetonitrile (MeCN) was distilled under nitrogen from boron oxide
immediately before use. Krytox grease was used to seal the joints of all reactions involving silicon
chlorides or silicon azides. 1,1-Dichloro-1-silacyclopent-3-ene*® and 1,3-di-tert-butyl-2,2-
diazido-1,3-diaza-2-sila-4-cyclopentene** were prepared by literature routes. NaNs (Sigma) was
used as received. LiN3 was dried by heating under vacuum at 50 °C overnight.

The IR spectra were recorded on a Nicolet 200 infrared spectrometer as Nujol mulls
between KBr plates. The *H NMR data were obtained on a Varian Unity Inova 400 instrument at
400 MHz, Varian Unity U500 instrument at 500 MHz, or a Varian VXR 500 instrument at 500
MHz. 3C NMR data were obtained on a Varian VXR 500 instrument at 125 MHz. 2°Si NMR data
were obtained on a Carver B500 instrument at 99 MHz. H, 3C, and ?°Si NMR chemical shifts
are reported in d units (positive shifts to high frequency) relative to tetramethylsilane. Electron

ionization mass spectra were recorded on a Micromass 70-VSE mass spectrometer.

11



m Caution: Silyl azides can react with ambient moisture in the air to form the toxic and
explosive hydrazoic acid.*® All manipulations should be performed under inert atmosphere.

1,1-Diazido-1-silacyclopent-3-ene (1).** To a 200-mL Schlenk flask charged with NaNs
(6.0 g, 0.092 mol) and acetonitrile (80 mL) was added 1,1-dichloro-1-silacyclopent-3-ene (4.1 mL,
0.032 mol) in one portion. The mixture was stirred at room temperature for 24 h, and then was
treated with Et,O (30 mL) to cause the immediate formation of a white precipitate. The solution
was filtered, and the solvents were removed from the filtrate by distillation at atmospheric
pressure. The product, a colorless liquid, was collected by distillation under reduced pressure
(84°C/15 Torr). The resulting distillate was cooled to 0 °C, and residual Et,O and MeCN were
removed in vacuum. Yield: 2.1 mL, 2.6 g (47%). IR (cm™): 3457 br, 3034 m sh, 2964 w, 2925 w,
2900 w, 2150 s, 1605 sh, 1396 s, 1320 br, 1262 m, 1209 m, 1181 m, 1102 s, 945 sh, 821 s, 712 s,
646's, 574 5. 'H NMR (CDCls, 20 °C): 1.57 (d, ®Jun = 1.08 Hz, CH2CH, 4 H), 5.96 (t, *Jun = 1.11
Hz, CH2CH, 2 H). 3C'H NMR (CDCls, 20 °C): § 14.41 (s, CH2CH), 129.20 (s, CH2CH). #Si*H
NMR (CDCls, 20 °C): 8 11.20 (s). MS(EI) [fragment ion, relative abundance]: m/z 54 [C4H¢",
32.0], 70 [100.0], 82 [C4HeSi*, 35.4], 96 [CaHsSiN, 36.7], 124 [C4HeSiN3, 75.8], 137 [C4aHeSiNa,
33.6], 166 [C4HeSi(N3)2, 95.6].

1,3-Di-tert-butyl-2,2-diazido-1,3-diaza-2-silacyclopent-4-ene (2). A solution of 1,3-di-
tert-butyl-2,2-dichloro-1,3-diaza-2-silacyclopent-4-ene (0.484 g, 1.73 mmol) in acetonitrile (7
mL) was added to a suspension of LiN3 (0.266 g, 5.42 mmol) in acetonitrile (7 mL). The solution
was stirred for 48 h at room temperature. Complete conversion of the chlorine starting material to
product was confirmed by NMR spectroscopy. *H NMR (CsDs, 20 °C): 1.16 (s, NCMes, 27 H),
5.69 (s, NC2H2N, 2 H). 3C'H NMR (CsDs, 20 °C): 6 30.64 (s, NCMes), 51.84 (s, NCMe3), 112.50

(s, NC2H2N).
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Deposition Experiments involving Precursor 1. Deposition experiments with 1 were
conducted in the CVD apparatus shown in Figure 1.1 and described earlier in this chapter. In a
typical experiment, about 0.25 mL of precursor was placed in the reservoir. The pressure inside
the apparatus was 10° mTorr, and a Barnstead Thermolyne tube furnace equipped with a
Eurotherm 2116 temperature controller was used to heat the apparatus. Substrates of Si(100), Au,
or SisN4 were washed with isopropyl alcohol and acetone and dried in an oven at 150 °C before
use. Scanning electron microscope images were obtained on a Hitachi 4800 instrument, surface
ellipsometry traces were obtained on a J.A. Woollam M-88 ellipsometer, and Auger surface and
depth profiles were obtained on a PEI660 Auger electron spectrometer. All SEM images, surface

ellipsometry traces, and AES data were collected by Tushar Talukdar.
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF DIVALENT SAMARIUM
AND THULIUM N,N-DIMETHYLAMINODIBORANATES

Introduction

Divalent lanthanoid chemistry has been traditionally dominated by the three easiest
lanthanoids to reduce, namely Eu, Yb, and Sm, even though divalent complexes of lanthanoids
with reduction potentials more negative than Sm were described as early as the 1950s.! It was not
until the late 90s, however, when Bochkarev et al. isolated the first molecular Tm" complex,
Tmlz2(dme)s, that there was a significant expansion in the known divalent chemistry of lanthanoids
other than Eu, Yb, and Sm.? Since this finding, Tm" chemistry has been expanded to include
phospholyl ligands,® 4 borohydrides,® and organic ligands,® and has proven to be useful for the
reduction of unsaturated hydrocarbons’ and ketones.®

One motivation for exploring divalent lanthanoid chemistry relates to the production of
high purity f-block metals, which have several key industrial applications.®*® The separation and
purification of f-block metals in their +3 oxidation states can be achieved by extraction and
chromatographic methods,'* but an alternative method to effect these separations takes advantage
of differences in the +3/+2 reduction potentials. Generally, these separations involve treating
mixtures of lanthanoids with a reducing agent such as hydrogen or an alkali metal, followed by
precipitation of the reduced species; such methods have proven successful for the purification of
Euy,1% 1517 Yb,18'2° and Sm.2L 22

The reduction of Ln"" to Ln" by the addition of a reducing agent has also been used to
access other Ln'' complexes, some even containing divalent states less accessible than Tm. For
example, Evans et al. synthesized divalent complexes of all the lanthanoids by treating cooled

solutions of 18-crown-6 or [2.2.2]cryptand and Ln(CsHsSiMes)s with K or KCg to form [K(18-
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crown-6)][Ln(CsHaSiMes)s] or [K([2.2.2]cryptand)][Ln(CsHsSiMes)s].2%° In a similar manner,
Jaroschik et al. showed that [K(18-crown-6)][(CsH2(t-Bu)s).Dy(BH4)] could be made by the
reduction of (CsHz(t-Bu)s)2Dy(BH4) by KCs.?

Our group has recently begun to study divalent lanthanide complexes of a new class of
multidentate borohydride ligands, the aminodiboranates. In previous work, we described the
syntheses and molecular structures of Eu'" and Yb'" N,N-dimethylaminodiboranate (DMADB)
complexes and showed that these complexes could be prepared by either salt metathesis with the
appropriate diiodide salt or by reduction of LnCl; by the DMADB ligand.?” Efforts to obtain a
Sm'' compound by the latter method were unsuccessful. Here, we show that divalent lanthanide
chemistry with DMADB can in fact be extended to include Sm and Tm by reporting the synthesis,

characterization, and molecular structures of several Sm' and Tm'' DMADB complexes.

Results and Discussion

Synthesis of Ln(HsBNMe2BH3)2 Compounds from Ln'" Starting Materials. A general
method to prepare Lnl; starting materials is by action of I, or 1,2-diiodoethane on the powdered
metal.?® 2 For samarium, the resulting compound Smi,(thf), can be isolated and stored under an
inert atmosphere as the powder and used as needed. This diiodide serves as a useful starting
material: the divalent Sm compound Sm(H3sBNMe2BHz)2(thf)s (1), can be prepared by salt-
metathesis between Smly(thf), and Na(HsBNMe2BHj3) in tetrahydrofuran:

Sml, + Na(H;BNMe,BH;) — > Sonane > Sm(H;BNMe;BH; )y(thf);

The product was isolated from the crude reaction mixture by extraction with pentane, and crystals
were obtained by cooling a concentrated solution in pentane to -20 °C. The samarium compound

1 is reddish purple and crystallizes as the tris thf adduct.
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Adducts of Sm(H3BNMe2BHz)> with ethers other than thf can also be made. Thus,
treatment of 1 with excess 1,2-dimethoxyethane (dme) results in the formation of a bright red
solution from which bright red crystals of Sm(HsBNMe2BHz)2(dme). (2) can be isolated. Unlike
the thf adduct, 2 is essentially insoluble in pentane. In addition, as we will show in the next section,
the crown ether adduct, Sm(H3:BNMe2BHz3)2(18-crown-6) (3), can be made by reduction of
Sm(H3:BNMe2BH3)3 with KCg in the presence of 18-crown-6.

Sm(H;BNMe,BH;),(thf),

» Sm(H-BNMe,BH d
Ime m(H; e;,BH;3),(dme),

Thulium(11) DMADB compounds can be obtained in a fashion similar manner to the Sm
compound, however, except that Tml(thf)x should be prepared and used immediately due to its
tendency to oxidize in solution and in the presence of UV light.> Specifically, treatment of
Tml(thf)x with and Na(HzBNMe2BHy) in thf, followed by crystallization from pentane, affords
brown crystals of Tm(HsBNMe2BHz)2(thf)2 5 (4/5).

Tml, + Na(H;BNMe,BHj3) hE > pentanc > Tm(H;BNMe,BH;),(thf), s

As we will show below, this compound crystallizes as a mixture of the bis thf adduct 4 and
the tris thf adduct 5. The analogous reaction of 4 and 5 with dme generates a purple solution which
presumably contains a dme adduct of Tm(HsBNMe2BH3)2. Solvent diffusion or vapor diffusion of
pentane into these solutions have so far resulted in the formation of a purple powder instead of
crystals.

Tm'" compounds have been proposed to be useful as powerful reducing agents in organic
synthesis,® but can be difficult to handle: they often reduce solvent molecules and sometimes even
N2.” 3031 In comparison to other Tm'" compounds, Tm(Hs:BNMez2BHz3)2(thf)25 is remarkably
stable: although dry samples are spontaneously flammable in air, it does not react with N2 and does
not reduce ethereal solvents.
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Synthesis of Ln(HsBNMe2BH3)2 Compounds from Ln'!"" Starting Materials. We have
found that the samarium(ll) compound 1 can also be made by reduction of trivalent starting
materials. Thus, treatment of Sm(H3:BNMezBHs3)s(thf) with one equiv of KCs causes the reaction
mixture to change color from pale yellow to dark red. Adding pentane to the reaction mixture and
cooling to -20 °C results in the formation of a mixture of red and white crystals. The red crystals

were identified as 1 by X-ray diffraction; the white crystals are presumably K(H:BNMezBHj3).

Sm(H3BNM€2BH3)3(thf) + KCg

s > Sm(H;BNMe,BH;),(thf);

We next investigated whether performing this reaction in the presence of 18-crown-6
would lead to the salt [K(18-crown-6)x][Sm(H3BNMe2BH3)z], a reaction that would be analogous
to several noted by Evans et al. for certain cyclopentadienyl complexes,?>?° as described in the
introduction. We find that treatment of solutions of Sm(H3BNMez2BH3)s(thf) in Et2O with
suspensions of 18-crown-6 and KCg in Et,0 gives a different outcome: a dark precipitate is formed
that dissolves to form a red solution in thf. Cooling this solution to -20 °C gives crystals of the
new Sm'' compound Sm(HsBNMe;BHz3)2(18-crown-6) (3), in which the crown ether is bound to
samarium instead of potassium. This compound is insoluble in Et,O and pentane.

Analogous efforts to make a neodymium(ll) complex by treating solutions of
Nd(HsBNMe2BH3)3(thf) with KCg or with KCg and 18-crown-6, at temperatures between -78 °C
and room temperature, result in no color change of the reaction mixtures. This finding suggests
either that no divalent species is formed, or that it is formed transiently and immediately
decomposes in solution to trivalent products.

NMR and IR Studies of Ln'" Compounds. The !H NMR spectrum of
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Figure 2.1. Comparison of *H NMR spectra of Sm(HsBNMe;BH3)2(thf-ds)s at 10 °C (a) and

Sm(H3sBNMezBH3)2(thf)s, 1, in toluene-ds at 10 °C (b) and 20 °C (c).

Sm(H3BNMe2BH3)2(thf)s, 1, at 10 °C in toluene-ds consists of three equal-intensity broad peaks
at 6 3.14, 2.71, and 0.12 (Figure 2.1b). (These chemical shifts are temperature dependent, as
expected for a paramagnetic compound, and at room temperature the first two of these peaks are
accidentally superimposed at 6 2.97 (Figure 2.1c)). Initial attempts to assign the peaks were made
by adding a small amount of thf-ds to a solution of 1 in toluene-ds, with the expectation that ligand
exchange would afford the thf-ds adduct Sm(HsBNMe2BH3)2(thf-dg)3, and that two of the three
peaks would disappear and be replaced by two peaks due to free thf. However, this experiment
resulted instead in the disappearance of all three resonances and the appearance of a new singlet
near & 5.00. The addition of thf-ds also causes the **B NMR chemical shift at room temperature
to change from 6 256 to 217. These results strongly suggest that addition of thf-dg does more than
replace the coordinated thf ligands: the presence of excess thf must convert 1 into a different

compound, presumably one having more than three thf ligands per metal center.
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Figure 2.2. VT 'H NMR spectra of Sm(HsBNMe2BHs3),(thf)s, 1, in toluene-ds.

Therefore, peak assignments were made by comparison with the NMR spectra of
Sm(H3BNMezBHs3),(thf-ds)s, which was prepared by treating 1 with thf-ds followed by removal
of the solvent in vacuum. The *H NMR spectrum of this deuterated isotopolog in toluene-ds at 10
°C (Figure 2.1a) contains only one singlet at 6 3.14, which matches one of the three peaks seen for
the protio analog. This peak must therefore be assigned to the NMe; protons. It follows then that
the other two resonances seen at & 2.71 and 0.12 in the NMR spectrum of the protio isotopolog
can be assigned to the thf ligands. The BHs protons are not observed, evidently because the
proximity of these protons to the paramagnetic center causes the BH3 resonance to be significantly
broadened and shifted, as has been noted in other ¢ and f’ lanthanide DMADB complexes.*?
Additionally, the 1:1:1 ratio of peak integrals seen for the three resonances for the protio isotopolog

implies that, in solution, all the DMADB ligands are chemically equivalent, as are all of the THF
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Figure 2.3. Curie plots for the VT-NMR experiment of 1. Solid lines denote lines of best of fit.

ligands. This result is inconsistent with the solid-state structure of 1 (see below) and shows that
this complex is dynamic in solution. In particular, the axial and equatorial thf ligands must be
exchanging at a rate faster than the NMR time scale at 10 °C.

The peak assignments were further confirmed from Curie plots of the *H NMR chemical
shifts of 1 as a function of inverse absolute temperature, T (Figure 2.2). Magnetic materials that
follow Curie behavior have magnetic moments, y, and consequently NMR shifts, that are linearly
dependent on T, When T = infinity, the contribution of paramagnetic effects (Spara) to the chemical
shift is zero because there is an equal Boltzmann distribution across spin states (and therefore no
net spin polarization). In the absence of other effects such as TIP (see below), the chemical shift
in the limit T = 0 (i.e., the y-intercept of the Curie plot) depends only on the contribution from
diamagnetic effects (84ia). This method has been successfully used to assign the peaks in the *H-

NMR spectrum of bis-porphyrin actinide complexes.®®
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Figure 2.4. Comparison of *H NMR spectra of Tm(HsBNMe;BHs)(thf-ds)25 at 0 °C (a) and

Tm(H3BNMezBH?3)2(thf)2s, 4/5, at 0 °C (b) and 20 °C (c) in toluene-ds.

Here, the y-intercepts for the peaks in the Curie plots of 1 (Figure 2.3) imply that dgia=-11,
11, and 16 for NMey, thf, and thf respectively which are all far from the expected diamagnetic
shifts of these species. One possible explanation to this deviation is Van Vleck temperature
independent paramagnetism (TIP); this phenomenon, for example, causes species containing the
isoelectronic Eu'"" ion to exhibit similar deviations from Curie behavior.3

It is also worth noting that all three *H NMR peaks broaden at low temperatures. The
linewidths of paramagnetic species generally become broader at lower temperatures, but we cannot
rule out the possibilities that some of the broadening is due to slowing of an exchange process at
temperatures near -80 °C, or to decreases in molecular tumbling times caused by an increase in the
viscosity of the NMR solvent.®®

The *H NMR spectrum of the Tm(HsBNMe2BHs3),(thf)x co-crystals (4/5) at 0 °C in toluene-
ds contains four peaks at 6 26.15, 18.58, -4.03, and -5.60 (Figure 2.4b). The number of peaks

suggests that 4 and 5 are exchanging with one another rapidly: dissociation of thf from the tris thf
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Figure 2.5. VT *H NMR spectra of the Tm(H3sBNMe2BHs)2(thf)x, 4/5, in toluene-ds.

adduct 4, and association of thf to the bis thf adduct 5, must be fast at this temperature. Here,
comparing the *H-NMR spectrum of Tm(HsBNMe;BHs),(thf)x with that of Tm(HzBNMe2BHj3),-
(thf-dg)x at 0 °C (Figure 2.4a) shows that the resonances at 6 -4.03 and -5.60 can be assigned to
thf. The remaining two peaks at 6 26.15 and 18.58 can then be assigned to the BHz and NMe>
groups respectively, on the assumption that the broader of the two peaks should be due to the BH3
protons, which are closer to the paramagnetic lanthanide center. The variable temperature *H
NMR spectra of 4/5 is shown in Figure 2.5. Interestingly, the &qia Values of -146.6 (BHs), -49.0
(NMez), 17.9 (thf), and 28.2 (thf) predicted by the y-intercepts of the Curie plots (Figure 2.6) of
4/5 are also inconsistent with the expected diamagnetic NMR shifts, and again suggest that TIP
effects are present.

As with 1, all the signals in the *H-NMR spectrum disappear when the spectrum is collected

in thf-ds, however, in the case of 4 and 5, no new signals appear. Likewise, the 2'B-NMR spectrum
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Figure 2.6. Curie plots for the VT-NMR experiment of 4/5.

of 4 and 5 shifts from & 4.8 in toluene-dg to 6 50 in thf-ds, indicating that the presence of excess
thf converts 4 and 5 to a different species in solution.

The 'H-NMR spectrum of Sm(Hs:BNMezBH3)2(dme)2, 2, in toluene-ds contains three
singlets at 6 0.03, 0.15, and 5.23 with integration ratios of 1 : 1 : 2 (Figure 2.7). The former and
latter signals can be assigned to the methylene and methyl protons of the dme groups, respectively,
on the basis of their larger full width at half maximum (fwhm) values. Their broadness is a result
of more efficient relaxation promoted by their proximity to the paramagnetic center. The !B NMR
spectrum of 2 consists of a single broad resonance at 6 217.

No NMR spectra of Sm(HsBNMezBH3)2(18-crown-6), 3, could be obtained due to the
insolubility of this compound in toluene and other non-reactive solvents.

The IR spectra of 1-5 all contain bands between 2000 and 2500 cm™* that correspond to the
B-H stretching modes of the DMADB ligand. Stretching bands at higher frequencies, namely

those at 2397, 2391, 2349, and 2359 cm, in the IR spectrum of 1-5, can be assigned to terminal
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B-H stretching modes whereas bands at 2298 and 2250, 2296, 2252, and 2072, 2292, 2224, and
2066, 2295, 2226, and 2076 cm™ can be assigned to metal-bound B-H stretches. These assignments
are consistent with the IR spectra of other DMADB?" 32 3641 and borohydride complexes.*? It is
worth noting, however, that the bands in this region are broad and the peaks are poorly resolved,
which is probably a result of the weak covalent interaction between the lanthanide center and the
DMADB ligand.

IR bands at 1034 and 879 cm™ for complex 1 and at 1021 and 877 cm™ for complex 4/5
can be assigned as C-O-C asymmetric stretches of the thf ligands.?” 364 Similarly, IR bands at
1106 and 853 cm™ in the IR spectrum of 2 can be assigned to the C-O-C stretches of dme.** 4°

Crystal Structures of the New Complexes. The molecular structures of complexes 1-5
have been determined by X-ray crystallography (see Experimental Section for details). The
coordination geometry of the samarium(Il) complex Sm(H:BNMe2BHz3)»(thf)s, 1, (Figure 2.8) is

best described in terms of a distorted pentagonal bipyramid in which the four boron atoms of the
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DMADB ligands occupy the equatorial sites along with one of the thf ligands; the other two thf
ligands occupy the axial sites. Interestingly, although 1 is a monomer, the DMADB complex of
the similarly sized europium(ll) ion is not; rather, it is a dimer, [Eu(HsBNMezBH3)2(thf)2]2.2" The
coordination spheres of the Eu centers in this molecule are also pentagonal bipyramids, but consist
of two thf molecules, one chelating DMADB ligand, and three BHz groups from two bridging
DMADB ligands.

The 02-Sm1-03 bond angle of 163° involving the two axial oxygen atoms in 1 deviates
slightly from the ideal value of 180° (Table 2.1); in the same manner, the apical oxygen atoms

describe O-Sm1-B angles of 88-102° and O-Sm1-01 angles of 79-85° to the equatorial groups, vs.

B3
c4

N2

Cc3

Figure 2.8. Molecular structure of Sm(H:BNMe2BHz3)(thf)s, 1. Ellipsoids show the 50%
probability density surfaces. Hydrogen atoms attached to carbon and disordered components

have been deleted for clarity.
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the ideal value of 90°.

The Sm1-02 and Sm1-O3 bond lengths to the axial oxygen atoms in 1 of 2.603 and 2.633
A, respectively, are both slightly longer than the equatorial Sm1-O1 bond length of 2.545 A. These
distances are similar to those reported for other Sm' thf compounds such as [Sm(BHa)2(thf)2]n,*°
[Cp*Sm(BHA4)(thf)2]2,% SM[N(SiMes)]2(thf)2,*” and [Cp*Sml(thf)2]2.%

Two of the three hydrogen atoms on each boron in the DMADB ligands coordinate to the

Table 2.1. Selected bond lengths and angles for Sm(Hz:BNMe2BHz3)2(thf)s (1).

Bond Lengths (A)

Sm1-01 2.545 (5) Sm1-H11 2.69 (2)
Sm1-02 2.603 (5) Sm1-H12 2.67 (2)
Sm1-03 2.633 (5) Sm1-H21 2.58 (2)
Sm1-B1 3.075 (8) Sm1-H22 2.48 (2)
Sm1-B2 2.952 (8) Sm1-H31 2.69 (2)
Sm1-B3 3.024 (8) Sm1-H32 2.60 (2)
Sm1-B4 2.993 (8) Sm1-H41 2.62 (2)

Sm1-H42 2.56 (2)

Bond Angles (deg)

01-Sm1-02 79.0 (2) 03-Sm1-B2 90.2 (2)
01-Sm1-03 84.1 (2) 03-Sm1-B3 89.2 (2)
01-Sm1-B1 87.0 (2) 03-Sm1-B4 96.2 (2)
01-Sm1-B2 138.2 (2) B1-Sm1-B2 51.4 (2)
01-Sm1-B3 835 (2) B1-Sm1-B3 170.4 (2)
01-Sm1-B4 135.3 (2) B1-Sm1-B4 137.7 (2)
02-Sm1-03 163.1 (2) B2-Sm1-B3 138.0 (2)
02-Sm1-B1 89.6 (2) B2-Sm1-B4 86.5 (2)
02-Sm1-B2 102.0 (2) B3-Sm1-B4 51.9 (2)
02-Sm1-B3 89.6 (2) B1-N1-B2 111.7 (6)
02-Sm1-B4 96.3 (2) B3-N2-B4 111.9 (5)
03-Sm1-B1 88.8 (2)
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metal center; the third hydrogen atom is terminal on boron. Thus, the Sm center in 1 can also be
described as being 11 coordinate: there are 8 Sm-H bonds and 3 Sm-O bonds. The «¥* Sm1-B
distances, which range from 2.9-3.1 A, are comparable to the bridging Sm-B bond distances of
2.931(5) and 2.91(1) A observed for[Sm(BH4)(thf)2]n and [Cp*Sm(u-BHa)(thf)2]2
respectively*®and the k> Sm-B bond distances of 2.78-2.87 A in Sm(HsBNMezBHs)s(thf).%? The
«?> Sm1-B bond distances are comparable to the k*> Eul-B distances of 2.88-3.13 A reported for
Eu(HsBNMe;BH3),(thf).?” Likewise, the Sm1-H distances of 2.48-2.7 A are also comparable to
those reported for the Eu'' complex; these similarities are no doubt due to the fact that Eu and Sm
are neighboring elements in the lanthanide series and thus have very similar radii in the same

oxidation state.

Figure 2.9. Molecular structure of Sm(H:BNMe2BHz3)2(dme)2 (2) viewed along the pseudo-
threefold axis of the distorted trigonal prism. Ellipsoids show the 50% probability density
surfaces. Hydrogen atoms attached to carbon and disordered components have been deleted

for clarity.
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Table 2.2. Selected bond lengths and angles for Sm(HsBNMe2BHz)2(dme): (2).

Bond Lengths (A)

Sm1-01 2.660 (3) Sm1-H11 2.76 (2)
Sm1-02 2.658 (3) Sm1-H12 2.62 (2)
Sm1-B1 3.074 (5) Sm1-H21 2.66 (2)
Sm1-B2 3.056 (6) Sm1-H22 2.64 (2)

Bond Angles (deg)

01-Sm1-02 62.4 (1) 02-Sm1-B2 79.2 (1)
01-Sm1-0O1’ 76.5 (1) 02-Sm1-Bl' 82.7 (1)
01-Sm1-02’ 77.2 (1) 02-Sm1-B2’ 131.2 (1)
01-Sm1-B1 87.8 (1) B1-Sm1-B2 50.6 (1)
01-Sm1-B2 50.6 (1) B1-Sm1-Bl1’ 121.2 (2)
01-Sm1-Bl' 144.0 (1) B1-Sm1-B2’ 96.0 (1)
01-Sm1-B2’ 155.4 (1) B2-Sm1-B2’ 114.6 (2)
02-Sm1-02’ 128.3 (1) B1-N1-B2 111.0 (3)
02-Sm1-B1 123.8 (1)

Molecules of the dme complex Sm(H:BNMezBHz3)2(dme)., 2, lie on a crystallographic
two-fold axis (Figure 2.9); atoms that are related by this symmetry element are denoted with
primes. The coordination geometry about the metal atom in 2 is best described in terms of a bi-
capped trigonal prism in which O2 and O2’ are the capping ligands, and the planes formed by B1,
B2, and O1, and by B1’, B2’, and O2’, are the triangular faces. These two planes deviate slightly
from parallel and form a dihedral angle of 19.6°. The bicapped trigonal prismatic geometry is
shared by Eu(H:BNMe2BHz3)2(dme). which, unlike its thf analog, exists in the solid state as a
monomer and is isostructural with 2. The Sm center in 2 can also be described as being 12

coordinate (8 Sm-H bonds and 4 Sm-O bonds).
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The Sm1-O bond lengths of 2.658 and 2.660 A are also similar to those observed in 1 and
other Sm'" complexes.??The Sm-B distances of 3.074 and 3.056 A and Sm-H distances of 2.66 to
2.76 A (Table 2.2) are similar to those observed in 1.

Several authors have commented that complexes of divalent lanthanides often resemble
those of the larger alkaline earth metals,*® °° and the structures of 1 and 2 are no exception: both
are isostructural with their respective Sr analogs, Sr(HsBNMe.BHz)2(thf)s and
Sr(HsBNMe;BHs)2(dme)..%® These similarities reflect the similarities in the charge and sizes of
St (Fionic = 1.35 A) vs. Sm" (rionic = 1.36 A).5!

The structure of the crown ether complex Sm(H:BNMe>BHz3)2(18-crown-6), 3, (Figure
2.10) is best described as a polyhedron of idealized Czy symmetry consisting of a planar hexagonal
girdle capped on one side by a single vertex and the other side by a pair of vertices.>” In 3, the six
oxygen atoms act as the hexagonal girdle, whereas B1 occupies the single capping vertex and B3
and B4 occupy the pair of capping vertices. The coordination number of the Sm center can be
described either as 9 coordinate (three Sm-B bonds and six Sm-O bonds) or 12 coordinate (Six Sm-
H bonds and six Sm-O bonds).

The Sm1A-O bond lengths in 3 of 2.68 to 2.77 A (Table 2.3) are slightly longer than those
in Sm'" 18-crown-6 complexes as expected,®? but are consistent with those reported for other Sm"
18-crown-6 complexes.>**° Three of the Sm1A-B distances lie between 3.08 and 3.19 A, and the
Sm1A-H distances involving those boron atoms are 2.6-2.9 A. In contrast, the Sm1A-B4 distance
is 4.533 A and the Sm1A-H distances to this boron atom are all greater than 4 A:; all of these
distances clearly indicate that B4 is not bonded to the metal center.

Interestingly, 3 is the first divalent DMADB complex bearing a crown ether ligand in which
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the DMADB ligand is bound to the metal. The other three complexes, [Ca(12-crown-4),]-
[HsBNMezBHs3]z, [Sr(12-crown-4)2][HsBNMezBHs3]»,%6 and [Ba(18-crown-6),][HsBNMezBH;].*

all exist as the purely ionic species.

Figure 2.10. Two views of the molecular structure of Sm(HsBNMe2BH3)2(18-crown-6) (3).
Ellipsoids indicate the 50% probability density surfaces. Hydrogen atoms attached to carbon

and disordered components have been deleted for clarity.

For thulium, we have isolated and characterized a co-crystal consisting of equal numbers
of the tris thf complex Tm(H:BNMe:BHz3)2(thf)s, 4, and the bis thf complex

Tm(H3:BNMezBH3),(thf)2, 5. Compound 4 (Figure 2.11) is isostructural with the samarium tris thf
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Table 2.3. Selected bond lengths and angles for Sm(H:BNMe2BHz3)2(18-crown-6) (3).

Bond Lengths (A)

Sm1A-01 2.747 (3) Sm1A-B4 3.197 (4)
Sm1A-02 2.741 (3) Sm1A-H11 2.67 (2)
Sm1A-03 2.683 (2) Sm1A-H13 2.61(2)
Sm1A-O4 2.773 (3) Sm1A-H21 4.00 (2)
Sm1A-05 2.748 (3) Sm1A-H23 4.42 (2)
Sm1A-06 2.742 (2) Sm1A-H31 2.56 (2)
Sm1A-B1 3.086 (4) Sm1A-H32 2.64 (2)
Sm1A-B2 4.533 (4) Sm1A-H41 2.90 (2)
Sm1A-B3 3.091 (4) Sm1A-H42 2.65 (2)

Bond Angles (deg)

01-Sm1A-02 60.06 (8) B1-Sm1A-B2 34.8 (1)
01-Sm1A-03 119.0 (1) B1-Sm1A-B3 166.6 (1)
01-Sm1A-04 167.4 (1) B1-Sm1A-B4 144.5 (1)
01-Sm1A-05 117.59 (8) B2-Sm1A-B3 132.3 (1)
01-Sm1A-06 60.00 (8) B2-Sm1A-B4 176.814
01-Sm1A-B1 88.47 (9) B3-Sm1A-B4 48.604

01-Sm1A-B2 68.588 B1-N1-B2 112.6 (3)
01-Sm1A-B3 80.40 (9) B3-N2-B4 110.2 (3)
01-Sm1A-B4 114.374

complex 1. It adopts a similar pentagonal bipyramidal geometry in which O1 and O2 reside in the
axial position, and the boron atoms, along with O3, reside in the equatorial positions. The O1-
Tm1-02 bond angle of 172° (Table 2.4) deviates only slightly from linearity; likewise, the O-Tm-
B bond angles to the apical oxygen atoms lie in the range of 87 to 95° and O-Tm-03 bond angles
of 86° are all close to 90°.

The axial Tm-O bond lengths of 2.462 and 2.471 A are slightly longer than the equatorial
Tm-O bond length of 2.496 A. All three Tm-O bond lengths are considerably shorter than those

seen in 1, as are the Tm-B distances of 2.89 to 2.93 A and the Tm-H bond distances of 2.49-2.61
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A. The shorter bond lengths observed in 4 reflect the smaller ionic radius of thulium vs. samarium.

The structure of the bis thf complex Tm(HsBNMe2BHa)(thf)2, 5, (Figure 2.11) is best
considered as a distorted cis-octahedron because there are exactly three large inter-ligand bond
angles: O4-Tm2-B5 = 140.5°, O5-Tm2-B8 = 139.5°, and B6-Tm2-B7 = 157.2° (Table 2.4). The
Tm-O bond lengths of 2.391 and 2.398 A, the Tm-B bond lengths of 2.801 and 2.843 A, and the
Tm-H bond lengths of 2.39 to 2.51 A are all slightly shorter than those observed for the tris thf
adduct 4; the shorter bond distances in 5 reflect the smaller steric crowding around the Tm center

due to the lower coordination number.

C1

£2

Figure 2.11. Molecular structure of Tm(H:BNMe2BHj3)(thf)s (4). Ellipsoids show the 50%
probability density surfaces. Hydrogen atoms attached to carbon and disordered components

have been deleted for clarity.
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Cc7
c8

Figure 2.12. Molecular structure of Tm(H:BNMezBH3)2(thf)2, 5. Ellipsoids show the 50%
probability density surfaces. Hydrogen atoms attached to carbon and disordered components

have been deleted for clarity.

Structurally similar to 5 are the Yb' and Ca DMADB analogs Yb(HsBNMezBH3)(thf),?’
and Ca(HsBNMe2BHj3),(thf)2,% which also adopt cis octahedral geometries. Because Tm and Yb
are neighbors in the lanthanide series, they have similar radii in the same oxidation state, and as a
result the M-O, M-B, and M-H bond lengths in Yb(HsBNMe2BH3).(thf), are similar to those in 5.
The Tm-O and Tm-H bond distances in 4 and 5 are also both comparable to those seen for other
Tm'" complexes.>° The Tm-B distances are not so comparable, however, because they depend
on the number of hydrogen atoms that bridge between boron and the metal atom.%®

Volatility Studies of 1. Unlike their trivalent analogues, the divalent compounds 1-5 do
not sublime at 100 °C in vacuum (1 Torr); instead they decompose when heated under these

conditions.!* This limited volatility, which has also been observed for the Eu", Yb", and the
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isostructural Sr bis-DMADB analogs, has been attributed to de-solvation during heating.?” %
Analogous studies of alkaline earth metal B-diketonates and pyrazolylborates bearing ether ligands
have shown that these complexes tend to desolvate upon heating, and other studies suggest that
after de-solvation these complexes oligomerize to form non-volatile species.*® %"°° Taken
together, these examples suggest that desolvation followed by oligomerization likely plays a role

in the low volatility of 1.

Table 2.4. Selected bond lengths and angles for Tm(HsBNMe2BH?3)2(thf)s (4).

Bond Lengths (A)

Tm1-01 2.462 (3) Tmi-H11 2.54 (5)
Tm1-02 2.471 (4) Tm1-H12 257 (6)
Tm1-03 2.496 (4) Tm1-H21 2.49 (5)
Tm1-B1 2.910 (7) Tm1-H22 2.49 (6)
Tm1-B2 2.894 (6) Tm1-H31 2.61 (6)
Tm1-B3 2.927 (6) Tm1-H32 2.52 (6)
Tm1-B4 2.912 (7) Tm1-H41 2.58 (6)

Tm1-H42 2.53 (6)

Bond Angles (deg)

01-Tm1-02 172.3 (1) 03-Tm1-B2 133.3(2)
01-Tm1-03 86.5 (1) 03-Tm1-B3 815 (2)
01-Tm1-B1 89.6 (2) 03-Tm1-B4 135.2 (2)
01-Tm1-B2 91.5 (2) B1-Tm1-B2 53.9 (2)
01-Tm1-B3 87.2 (2) B1-Tm1-B3 160.8 (2)
01-Tm1-B4 93.2 (2) B1-Tm1-B4 145.4 (2)
02-Tm1-03 85.9 (1) B2-Tm1-B3 145.0 (2)
02-Tm1-B1 90.1 (2) B2-Tm1-B4 91.5 (2)
02-Tm1-B2 94.5 (2) B3-Tm1-B4 53.8 (2)
02-Tm1-B3 90.6 (2) B1-N1-B2 111.6 (5)
02-Tm1-B4 91.5 (2) B3-N2-B4 110.9 (4)
03-Tm1-B1 79.4 (2)
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Table 2.5. Selected bond lengths and angles for Tm(HsBNMe2BHs3)2(thf), (5).

Bond Lengths (A)

Tm2-04 2.392 (4) Tm2-H52 2.40 (6)
Tm2-05 2.398 (4) Tm2-H61 2.42 (7)
Tm2-B5 2.834 (7) Tm2-H62 2.51 (6)
Tm2-B6 2.825 (7) Tm2-H71 2.39 (7)
Tm2-B7 2.801 (6) Tm2-H72 2.45 (7)
Tm2-B8 2.843 (6) Tm2-Hs1 2.44 (7)
Tm2-H51 2.44 (6) Tm2-H82 2.49 (7)

Bond Angles (deg)

04-Tm2-05 81.4 (1) B5-Tm2-B6 55.5 (2)
04-Tm2-B5 1405 (2) B5-Tm2-B7 111.2 (2)
04-Tm2-B6 89.0 (2) B5-Tm2-B8 111.1 (2)
04-Tm2-B7 107.9 (2) B6-Tm2-B7 157.2 (3)
04-Tm2-B8 95.8 (2) B6-Tm2-B8 109.4 (3)
05-Tm2-B5 94.8 (2) B7-Tm2-B8 54.9 (2)
05-Tm2-B6 111.0 (2) B5-N3-B6 111.8 (5)
05-Tm2-B7 87.3 (2) B7-N4-BS 110.7 (4)
05-Tm2-B8 139.5 (2)

Experimental Section

All operations were carried out in a vacuum or under argon using standard Schlenk
techniques. All glassware was dried in an oven at 150 °C, assembled hot, and allowed to cool
under a vacuum before use. Tetrahydrofuran (thf), diethyl ether (Et.O), and pentane were distilled
under nitrogen from sodium/benzophenone, and 1,2-dimethoxyethane (dme) was distilled under
nitrogen from calcium hydride before use. Sm powder (40 mesh, Thermo Fisher Scientific
Chemical), Tm powder (40 mesh, Strem), I> (Sigma), and 1,2-diiodoethane (Alfa Aesar) were used
as received. Na(HsBNMe2BHs),%° Sm(H3sBNMe;BHs)s(thf),3? Sml,(thf),,?® and solutions of Tml
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in thf® were prepared in accordance with the literature. The concentration of Tml, was
approximated by using a known volume of thf and assuming complete conversion of I, to Tmlo.
Elemental analyses were carried out by the University of Illinois Microanalytical
Laboaratory. The IR spectra were recorded on a Nicolet 200 infrared spectrometer as Nujol mulls
between KBr plates. The *H NMR data were obtained on a Varian Unity Inova 400 instrument at
400 MHz, Varian Unity U500 instrument at 500 MHz or a Varian VXR 500 instrument at 500
MHz. The B NMR data were obtained on a Varian Unity Inova 400 instrument at 128 MHz.
Chemical shifts are reported in & units (positive shifts to high frequency) relative to
tetramethylsilane (*H NMR) or BFs*Et,O (!B NMR). Melting points were determined in closed
capillaries under argon on a Thomas-Hoover Unimelt apparatus
Bis(N,N-dimethylaminodiboranato)tris(tetrahydrofuran)samarium(ll),
Sm(HsBNMe2BHs3)2(thf)s (1). Method A. To a dark blue solution of Smlx(thf) (0.96 g, 1.75
mol) in thf (30 mL) was added a solution of Na(HsBNMe2BHz) (0.33 g, 3.5 mmol) in thf (30 mL).
This mixture was stirred for 24 h at room temperature. The tetrahydrofuran was removed in
vacuum to yield a reddish-purple residue, which was extracted with pentane (2 x 50 mL). The
dark purple extracts were filtered, combined, concentrated to ca. 20 mL, and cooled to -20 °C to
give dark purple cubes. Yield: 0.31 g (34 %). Mp: 94-98 °C. Anal. Calcd for C16HsB4N2O3Sm:
C,37.7; H,9.48; N, 5.49. Found: C, 34.6; H, 9.31; N, 5.79. IR (cm™): 2397 w, 2298 m, 2250 m,
1225 w, 1208 w, 1174 sh, 1146 sh, 1090 br, 1034 m, 923 w, 879 w, 799 m, 723 w. 'H NMR
(C7Ds, 10 °C): § 0.16 (s, fwhm = 19 Hz, CHy, 12 H), 2.71 (s, fwhm = 26 Hz, NMe, 12 H), 3.14
(s, fwhm = 46 Hz, CHy, 12 H). !B NMR (C7Dsg, 20 °C): § -259.5 (br s, fwhm = 350 Hz, BH3).
Method B. To a suspension of KCg (0.082 g, 0.61 mol) in thf (20 mL) was added a pale-

yellow solution of Sm(H3BNMe2BHj3)3(thf) (0.26 g, 0.62 mmol) in thf (20 mL), at which point the
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solution color immediately turned cherry red. This mixture was stirred for 24 h at room temperature
and then filtered to yield a dark red solution. This solution was concentrated in vacuum to ca. 5
mL. Pentane (5 mL) was layered on top of this solution and the mixture was cooled overnight at
-20 °C to yield an equal mixture of dark red needles and a few white needles presumed to be
K(H:BNMe;BHz3). XRD analysis of the red crystals from the first crystallization showed that they
have a unit cell identical to that of Sm(Hz:BNMe2BHz3)2(thf)s.
Bis(N,N-dimethylaminodiboranato)bis(1,2-dimethoxyethane)samarium(l1),
Sm(H3BNMe2BH3)2(dme)2 (2). A bright red solution of Sm(H3sBNMe2BHs3),(thf)s (0.25 g, 0.49
mmol) in 1,2-dimethoxyethane (9.0 mL, 7.8 g, 87 mmol) was stirred for 2 h and concentrated to
ca. 2 mL in vacuum. Pentane (2 mL) was layered on top of the solution, and the mixture was
cooled overnight at -20 °C to yield dark red needles. Yield: 0.076 g (33%). M.p.: 96-104 °C
(dec.). Anal. Calcd for C12H44B4N20sSm: C, 30.4; H, 9.35; N, 5.91. Found: C, 30.3; H, 9.52; N,
6.03. IR (cm™): 2391 b, 2296 s, 2252 s, 2072 m, 1304 m, 1223 s, 1178 s, 1152 s, 1106 s, 1061 s,
1017s,979s,926's, 905 m, 853 s, 801 s, 738 w, 685 w. *H NMR (C7Ds, 20 °C): § 0.03 (s, fwhm
=19.5 Hz, 12 H, OCHby), 0.15 (s, fwhm = 8.06, 12 H, NMe>), 5.23 (s, fwhm = 22 Hz, 22 H, OMe).
118 NMR (C7Ds, 20 °C): 6 -217.7 (br s, fwhm = 250 Hz, BH).
Bis(N,N-dimethylaminodiboranato)(18-crown-6)samarium(ll), Sm(H:BNMe2BH3)2-
(18-crown-6) (3) To a suspension of KCg (0.075 g, 0.56 mmol) and 18-crown-6 (0.156 g, 0.59
mmol) in Et,0 (10 mL) was added a pale-yellow solution of Sm(HsBNMe2BH3)s(thf) (0.28 g, 0.54
mmol) in Et,O (20 mL). The mixture was stirred for 2 h at room temperature, at which point a
black precipitate slowly began to form. After 2 h, this Et,O solution was decanted and discarded.
Compound 3 was extracted from the black precipitate with thf (2 x 10 mL). The red extracts were

filtered, combined, and dried in vacuum to afford a pink solid. Yield: 0.070 g (23%). X-ray quality
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crystals of 3 were grown by vapor diffusion of Et.0 into the red extracts. Compound 3 has limited
solubility in thf; once dry, it will not go back into solution. M.p.: >250 °C Anal. Calcd for
C16H4sB2N206SM: C, 34.4; H, 8.67; N, 5.02. Found: C, 36.1; H, 8.50; N, 5.00. IR (cm™): 2349 s,
2293's, 2224 s, 2067 w, 1286 sh, 1153 sbr, 1093 sbr, 1016 s, 973 m, 920 w, 840 m, 799 br, 723 w.

Bis(N,N-dimethylaminodiboranato)tris(tetrahydrofuran)thulium(ll), Tm(HsBNMe:-
BH3)2(thf)s (4) and Bis(N,N-dimethylaminodiboranato)bis(tetrahydrofuran)thulium(ll),
Tm(HsBNMe2BH3)(thf)2 (5), 1:1 co-crystal. To a solution of Na(H:BNMe2BH3) (0.39 g, 4.1
mmol) in thf (20 mL) was added a green solution of Tmlx(thf)x in thf (45 mL of a 0.044 M solution,
2.0 mmol). This solution was stirred for 24 h at room temperature. The tetrahydrofuran was
removed in vacuum to yield a dark brown residue, which was extracted with pentane (2 x 50 mL).
The dark brown extracts were filtered, combined, concentrated to ca. 25 mL, and cooled overnight
at -20 °C to vyield dark brown prisms. Yield: 0.42 g (43%). M.p.: 95-98°C Anal. Calcd for
C14H44B4N2025Tm: C, 34.1; H, 9.00; N, 5.69. Found: C, 31.6; H, 8.96; N, 5.87. IR (cm™): 2359
s br, 2296 s br, 2227 s br, 2076 s, 1230 s, 1213 s, 11755, 1146 s, 1021 s, 927 s, 905 s, 877 s, 800
s, 724 m. *H NMR (C7Ds, 0 °C): & -5.70 (s, fwhm = 194 Hz, CH;, 16 H), -4.05 (s, fwhm = 336
Hz, CHa, 16 H), 18.85 (s, fwhm = 69 Hz, NMe,, 12 H), 26.70 (br s, fwhm = 629 Hz, BH3, 9 H).
118 NMR (C7Ds, 20 °C): & 4.8 (br s, fwhm = 420 Hz, BH3).

Crystallographic Studies. Single crystals of 1, 2, 3, and the mixed crystal 4/5 were
mounted on glass fibers with dried, degassed Nujol (1, 2, and 3) or Krytox oil (DuPont) (4/5) and
immediately cooled to -173 °C (1, 2, and 3) or -75 °C (4/5) in a cold nitrogen gas stream on the
diffractometer. Standard peak search and indexing procedures gave rough cell dimensions, and
least squares refinement yielded the cell dimensions given in Table 2.6 and 2.7.

Data were collected with an area detector by using the measurement parameters listed in
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Tables 2.6 and 2.7. The measured intensities were reduced to structure factor amplitudes and their
estimated standard deviations by correction for background, scan speed, and Lorentz and
polarization effects. For all crystals, no corrections for crystal decay were necessary, but a multi-
scan correction was applied; the minimum and maximum transmission factors are recorded in
Tables 2.6 and 2.7. Systematically absent reflections were deleted, and symmetry equivalent
reflections were averaged to yield the set of unique data. Unless otherwise noted, all unique data
were used in the least squares refinement.

For all crystals, the analytical approximations to the scattering factors were used, and all
structure factors were corrected for both the real and imaginary components of anomalous
dispersion. In the final cycle of least squares, independent anisotropic displacement factors were
refined for the non-hydrogen atoms. Hydrogen atoms attached to carbon were placed in idealized
positions with C-H (methyl) = 0.98 A, and C-H (methylene) = 0.99 A; the methyl groups were
allowed to rotate about the C-X axis to find the best least-squares positions. The displacement
parameters for methylene and borane hydrogen atoms were set equal to 1.2 times Ueq for the
attached carbon; those for methyl hydrogens were set to 1.5 times Ueg.

Sm(HsBNMe2BH?3)2(thf)s, 1: The orthorhombic lattice and the systematic absences Okl, k
#2n, hOl, | # 2n, and hk0, h # 2n, were uniquely consistent with space group Pbca. The structure
was solved by direct methods (SHELXTL). The correct position for the samarium atom was
deduced from an E-map; subsequent least-squares refinement and difference Fourier calculations
revealed the positions of the remaining non-hydrogen atoms. One carbon atom (C15) of one of the
tetrahydrofuran rings was disordered; the atom was partitioned over two positions and the site
occupancy factors (SOFs) of these positions were refined subject to the constraint that the sum of

these SOFs was equal to one; the SOF for the major site refined to 0.56(3). The quantity minimized
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by the least-squares program was Xw(Fo? - F¢?)?, where w = [o(Fo?)]? + 63.10P* and P = (Fo® +
2F¢?)/3. Hydrogen atoms attached to boron were located in the difference maps and their positions
were refined independently subject to the restraints that all the B-H distances, and all the gem H-
H distances, were approximately equal to one another (SADI 0.001). An isotropic extinction
parameter was refined to a final value of x = 9.7(8) x 107" where F. is multiplied by the factor k[1
+ Fc2x\3/sin20]™Y* with k being the overall scale factor. Successful convergence was indicated by
the maximum shift/error of 0.002 for the last cycle. Final refinement parameters are given in Table
1. The largest peak and deepest hole in the final Fourier difference map were 0.64 eA and -0.84
eA3, respectively; the former was located 1.00 A from Sm1. A final analysis of variance between
observed and calculated structure factors showed some dependence on amplitude (especially for
the weakest data) but no dependence on resolution. Reflections hkl with k large and lops > lcaic Were
overly represented in the “most disagreeable reflections™ list.

Sm(HsBNMe2BH3)2(dme)2, 2: The systematic absences hkl, h+k # 2n, and 00I, | # 2n,
were uniquely consistent with the space group C222:. Three reflections (006, 022, and 110) were
statistical outliers (blocked by the beam stop) and omitted; the remaining 5183 unique data were
used in the least squares refinement. The structure was solved by intrinsic phasing (SHELXTL).
Correct positions for all the non-hydrogen atoms except for C7 were deduced from an E-map.
Subsequent least-squares refinement and difference Fourier calculations revealed the positions of
C7. The quantity minimized by the least-squares program was Zw(F,? - F¢%)?, where w = [o(Fo?)]?
+ (0.0260P)? + 15.00 P! and P = (Fo®> + 2F:?)/3. Hydrogen atoms attached to boron were
independently refined subject to the restraint that the B-H distances and gem H-H distances were
approximately equal to one another (SADI 0.001). An isotropic extinction parameter was refined

to a final value of x = 1.3(1) x 10® where F. is multiplied by the factor k[1 + Fc?xA%/sin20]"Y* with
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k being the overall scale factor. Successful convergence was indicated by the maximum shift/error
of 0.002 for the last cycle. Final refinement parameters are given in Table 1. The largest peak and
deepest hole in the final Fourier difference map were 1.48 and -0.78 eA3, respectively, the former
was located 1.58 A from O4. A final analysis of variance between observed and calculated
structure factors showed no apparent errors.

Sm(HsBNMe2BH?3)2(18-crown-6), 3: The monoclinic lattice, systematic absences 0kO, k
# 2n, and the average values of the normalized structure factors suggested the space group P21,
which was confirmed by the success of the subsequent refinement. Systematically absent
reflections were deleted and symmetry equivalent reflections were averaged to yield the set of
unique data. The reflections (-339),(121),(1-21),(-3-39),(197),(020),(0-20), (-1323),
(-2-34),(-123),(-2-22), (-k141),(262),(-311),(-8146),(-1-23),(-3-11),(325), (2-2
2),(4-12),(0-60), (-1-45), (0-80), (2-30), (2-14), (060), (3-13), (080),and (2 1 4) were
omitted. During the collection of this data set the beam stop was positioned incorrectly, and these
reflections (most of which have hkl indices that would not typically be considered as beam stop
reflections) were inadvertently obscured by the edge of the bar that connects the circular beam
stop to the instrument. The remaining 16143 unique data were used in the least squares refinement.
The structure was solved by Patterson methods (SHELXTL). Initial positions for Sm1 and Sm2
were deduced from a Patterson map. Subsequent least-squares refinement and difference Fourier
calculations revealed the positions of the remaining non-hydrogen atoms. The quantity minimized
by the least-squares program was w(Fo? - Fc?)?, where w = [6(Fo?)]? + (0.0166)% + 0.82P* and P
= (Fo? + 2F¢?)/3. Sm1 and Sm2 were disordered; these atoms were partitioned over two positions.
The site occupancy factors (SOFs) of these positions were refined subject to the constraints that

the sum of the SOFs for each pair was equal to one, and the anisotropic displacement parameters
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of the disordered pairs were restrained to have the same Ujj components within an effective
standard deviation of 0.002 A?; the SOFs for the major sites refined to 0.91069 for Smla and
0.08931 for Sm2a. Hydrogen atoms attached to boron were located in the difference maps, and
their positions were refined with independent isotropic displacement parameters. B-H bond
distances were restrained to be equal within 0.001 A. Analysis of the diffraction intensities
suggested slight inversion twinning; therefore, the intensities were calculated from the equation |
= xla + (1-x)lb, where x is a scale factor that relates the volumes of the inversion-related twin
components. The scale factor refined to a value of 0.29(1). Successful convergence was indicated
by the maximum shift/error of 0.000 for the last cycle. Final refinement parameters are given in
Table 1. The largest peak and deepest hole in the final Fourier difference map were 0.51 eA= and
-0.92 eA respectively; the former was located 0.88 A from B5. A final analysis of variance

between observed and calculated structure factors showed no apparent errors.

Tm(HsBNMe2BH3s)2(thf)s and Tm(HsBNMe2BHz3)2(thf)2, 4 and 5: The monoclinic lattice
and the systematic absences hOl, | # 2n, and 0kO, k # 2n, were uniquely consistent with the space
group P2i/c. The structure was solved by direct methods (SHELXTL). Correct positions for the
thulium atoms were deduced from an E-map; subsequent least-squares refinement and difference
Fourier calculations revealed the positions of the remaining non-hydrogen atoms. The quantity
minimized by the least-squares program was Tw(Fo? - F¢?)2, where w = [o(Fo?)]? + (0.0000P)? +
40.00P! and P = (Fo? + 2F¢?)/3. The thf ligands attached to 5 were disordered over two sites. The
oxygen-carbon bond distances within the disordered thf groups were restrained to be equal within
0.001 A; a similar restraint was placed on the carbon-carbon bond distances of the disordered thf
groups. The anisotropic displacement parameters of carbon atoms within 1.7 A of other carbon

atoms were restrained to have the same Ujj components within an effective standard deviation of
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0.01 A% Hydrogen atoms attached to boron were located in the difference maps, and their
positions were refined with independent isotropic displacement parameters. No correction for
isotropic extinction was necessary. Successful convergence was indicated by the maximum
shift/error of 0.000 for the last cycle. Final refinement parameters are given in Table 1. The largest
peak in the final Fourier difference map (2.81 eA®) was located 0.79 A from Tm2. A final analysis

of variance between observed and calculated structure factors showed no apparent errors.

Table 2.6. Crystallographic data for the new Sm compounds, 1, 2, and 3 at 100 K.

1 2 3
formula C16H8BaN20sSmM  C12HasBsN20sSm - Ci6HagB2N20sSM
FW (g mol %) 510.17 474.09 536.54
L (A) 0.71073 0.71073 0.71073
crystal system orthorhombic orthorhombic Monoclinic
space group Pbca C222, P2,

a(A) 16.6137(5) 10.2515(4) 9.6605(2)
b (A) 17.3201(6) 14.3867(5) 16.3082(4)
c (A) 18.0253(6) 28.0995(10) 16.9112(4)
B (deg) 90 90 93.8145(3)
V (A% 5186.8 (4) 4144.2(4) 2658.38

Z 8 4 4

pealc (g cmd) 1.307 1.201 1.387

u (mm™) 2.28 1.46 2.24

Rint 0.0381 0.0477 0.0314
Absorption correction multi-scan multi-scan multi-scan
Max. min. transm. factors 0.745, 0.554 0.746, 0.596 0.611, 0.423
goodness-of-fit on F2 1.369 1.090 1.150

R1 [I>20(D)]? 0.0528 0.0282 0.0157
WR: (all data)® 0.1234 0.0666 0.0395
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