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M(NMe;,)s (M = Zr, 1a; Hf, 1b) and the silyl anion (SiBu'Ph,)~ (2) in Li(THF),SiBu'Ph, (2-Li) were found to undergo
a ligand exchange to give [M(NMe;,)s(SiBu'Ph,),]~ (M = Zr, 3a; Hf, 3b) and [M(NMe,)s]~ (M = Zr, 4a; Hf, 4b) in
THF. The reaction is reversible, leading to equilibria: 2 1a (or 1b) + 2 2 <> 3a (or 3b) + 4a (or 4b). In toluene,
the reaction of 1a with 2 yields [(Me;N)sZr(SiButPhy)2] " [Zr(NMey)sLi(THF)4]* (5) as an ionic pair. The silyl anion 2
selectively attacks the —N(SiMes); ligand in (Me,N)sZr—N(SiMes), (6a) to give 3a and [N(SiMes),]~ (7) in reversible
reaction: 6a + 2 2 <> 3a + 7. The following equilibria have also been observed and studied: 2M(NMe,)4 (1a; 1b)
+ [Si(SiMes)s]~ (8) <> (MezN)sM—Si(SiMes); (M = Zr, 9a; Hf, 9b) + [M(NMey)s]~ (M = Zr, 4a; Hf, 4b); 6a (or 6b)
+ 8 <> 9a (or 9b) + [N(SiMes);]~ (7). The current study represents rare, direct observations of reversible amide—
silyl exchanges and their equilibria. Crystal structures of 5, (Me;N)sHf—=Si(SiMes)s (9b), and [Hf(NMe;,)s], (dimer of
1b), as well as the preparation of (Me,N)sM—N(SiMes), (6a; 6b) are also reported.

Introduction cleave the M-Si bonds’ Reactions of LiAlH, MelLi, and
RMgBr with, for example, (OGLo—SiPh, afford HSiPR.?
In the reactions involving MeLi and RMgBr, “LiSiBhand
“BrMg —SiPhy", respectively, are believed to the intermedi-

The chemistry of transition-metal silyl complexes is of
intense current interestin part, because the MSi bonds
in these complexes are very reactive. Substitution reactions

have been one of primary methods to prepare transition-metalate_s' LiSiPB "?‘Pd BrMg-SiPh react with HO to give
silyl complexes: Replacement of a halide ligand in, for HSIiPh;. Transition-metal complexes are known to undergo

often used to yield a metakilicon bond [in, e.g., (M&N)s- carbonyt}® phosphines}® amides" and cyclopentadienyts.

TiSi(SiMes)s], and the reaction is usualiyot reversiblet Some_dexch.?r;ge er?uilibriahhavebbeen sbtudied(.j d used i
The attack of nucleophiles on MSi bonds was reported to Amide-silyl exchanges have been observed and used in

the preparation of main group metal silyl complekes.
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complexes have been actively investigated, there are few
reports ofreversibleexchanges and equilibria involving silyl
ligands®3®We have recently studied new early transition-
metal silyl complexes and their reactivitiesany such silyl
complexes are prepared through the replacement of halide
(X7) ligands in M—=X complexes by silyl anions. In the
studies of the silyl complexes, we have observed substitutions
of amideligands in M(NMe)4 (M = Zr,8° 1a; Hf,® 1b) and
(Me;N)sM—N(SiMes), (M = Zr, 6a; Hf, 6b) by silyl anions
SiR;™ [Rz = BUPh, 2;1°2 (SiMes)s, 8199 to give disilyl
complexes [M(NMg)s(SiBUuPhy),]~ (M = Zr, 3a; Hf, 4a)

and silyl complexes (M#\)sM—Si(SiMe;); (M = Zr, 9

Hf, 9b), respectively, througheversible reactions. In the
reverse reactions, nucleophilic amides attack the 3VR;
bonds, leading to ligand exchange equilibria. Such substitu-

studies of the amidesilyl exchanges and thermodynamic
studies of the equilibria are reported héte.
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. . . . . Figure 1. Molecular drawing of the anion (left) and cation (right) 5n
tions of amide ligands by silyl anions and the exchange showing 30% probability thermal ellipsoids. The two ions are not shown

equilibria, to our knowledge, have not been reported. Our in the actual mutual orientations or distances. Hydrogen atoms are omitted

for clarity.

Results and Discussion

Synthesis and X-ray Structure of [(M&N)sZr-
(SiBu‘th)z]’[Zr(NMe 2)5Li z(THF) 4]+ (5) Zr(NMe2)4 (1a)

was found to react with Li(THRBiBUPh, (2-Li) in toluene

affording an ionic compound [(M#&)sZr(SiBuPhy),] [Zr-
(NMey)sLix(THF)4]* (5) as a solid precipitate (eq 1). In this
reaction, substitution of an amide ligandliaby silyl anions
leads to the formation of disilyl anion [(MN)sZr(SiBuPhy),]~

(3a). The amide anion that is replaced apparently reacts with
Zr(NMey)4 (18) to give the dilithium zirconium pentaamide
cation [Zr(NMe)sLi(THF)4] " in 5 (Figure 1). Chisholm and
co-workers have reported that addition of LiNM& Zr-
(NMey), (1@ gives dilithium zirconiumhexamide Zr-
(NMey)eLi2(THF), (10-Li,).°2 Substitution of amide ligands
by aryloxide and alkoxide ligands has been repotied.
Substitution of an amide ligand by a silyl ligand in eq 1 was
unexpected. To our knowledge, this is the first known case
of a replacement of an amide ligand by a silyl anton.

SiBu'Ph, 1© (T”F)Z'T\ rlwez ®
Me,N, NMe.
2 Zi(NMey), + 2 Li(THF),SiButPh, ~2Ueg. | Me2 /' Zr-NMe, MeN—2ry, 2 )
Me,N ' NMe,
1a 2L o }
SiBu'Ph, MepN Li(THF),

A molecular drawing, crystallographic data, and selected
bond distances and angles®ére given in Figure 1, Table
1, and Table 2, respectively. The molecular structuré® of
consists of a discrete cation and anion pair. The ani@a,is
and the cation consists dfa and two Li(THF)}* ions. In
the anion, the Zr atom is coordinated by three equatorial
NMe; and two axial SiBtPh; ligands in a trigonal bipyra-
midal (TBP) geometry. The axial ligands are nearly staggered
with respect to the equatorial NMéigands. This anionic
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Amide—Silyl Ligand Exchanges and Equilibria

Table 1. Crystal Data fors, (MexN)sHf—Si(SiMes)s (9b) and [Hf(NMey)4]2

5 9b [Hf(NM62)4]2
empirical formula G4H118Li2N8023i22T2 C15H45HfN38i4 C16H48Hf2N8
fw 1316.18 558.38 709.60
cryst syst monoclinic rhombohedral monoclinic
space group C2/c R3c C2/c
unit cell dimensions a=25.145(3) A a=b=15.483(5)A a=20.429(13) A
b=17.770(3) A c=19.378(8) A b= 8.454(5) A

c=16.346(3) A

¢=15.971(10) A

B =197.789(3) y =120 f=112.425(10)
vol 7236(2) B 4023(2) B 2550(3) B
z 4 6 4
density (calcd) 1.208 g/cn 1.383 g/crd 1.849 g/cmd
abs coeff 0.368 mmt 4.072 mnt 8.153 mm!
F(000) 2816 1704 1376
cryst size 0.40< 0.25x 0.25 mn? 0.45x 0.40x 0.15 mn? 0.55x 0.45x 0.07 mn?
6 range for data collection 1.4128.28 2.59-28.35 2.16-22.50
index ranges —32=<h=33, —20=< h =19, —21=<h=21,
—23< k=23, —-19< k= 20, —-9<k=09,
—21=<l=<21 —25=<1=<25 —-17=<1=<17
reflns collected 36 482 11001 6107

independent refins
completeness

max and min transm
refinement method

868R(int) = 0.0543]
96.5% tb= 28.28
0.9136 and 0.8667

2027 R(int) = 0.0348]
94.5% to = 28.35
0.5803 and 0.2616

full-matrix least-squaresfn

1628 R(int) = 0.0352]
97.7% tof) = 22.50°
0.5991 and 0.0940

data/restraints/params 8684/0/383 2027/1/75 1628/0/126

GOF onF? 1.041 1.178 1.014

Final R indices R1=0.0396, R1=0.0490, R1=0.0358,

[1 > 20(1)] wR2=0.1030 wR2=0.1350 wR2 = 0.0967

R indices R1=0.0567, R1=0.0567, R1=0.0369,

(all data) wR2=0.1169 wR2= 0.1655 wR2 = 0.1000

largest diff. peak and hole 0.875 and.464 e A3 2.792 and-1.690 e A3 2.154 and-2.286 e A3

3 WR2 = [YW(F? — FAAIW(FAY2 R1= Y [|Fol — IFclI/Z|Fol; w = 1/[0¥Fc?) + (aP)? +bP]; P = [2F? + maxFe?, 0)]/3.

Table 2. Selected Bond Distances (A) and Angles (deg)5or

bond!* Other known Z¢-Si bond lengths are in the range
of 2.721(2)-2.8771(10) AL This is perhaps mainly the result

Zr(1)-N(1) 2.080(2)  Zr(2rN(4) 2.243(2)

Zr(1)-N(2) 2.0488(19) Zr(2yN(5) 2.1337(19) of the strongrans-influence of silyl groups in [(MgN)sZr-
ﬁr((ll))__ g('%) i?ti%)? ) m((?;'[:g; ;:g??gg (SiBUPH)]~ in 5. For late transition-metal complexes, silyl
N(2)—C(2) 1.442(3)  N(3}-C(20) 1.440(3) ligands are among the ligands with the strongeans
N((Z))—C((3)) 1-452533 NE?CEZlg 1-454E3g influence'® Zr—N bonds in [(MeN)sZr(SiBuPhy),] ~ [2.0488-
Si(1)-C(4 1.920(2)  N(4¥C(22 1.459(3 _ B ; ;
SilL-C(10) 1926  NEAC23) 1455(3) (19)-2.080(2) Ains; 2.039(3)-2.063(5) A_ in3a-Li] are
Si(1)-C(16) 1.965(2)  N(5)C(24) 1.459(3) slightly longer than those in (MAl)sZr—SiBuiPh, [11a
Zr(2)=N(3) 2.036(3) 2.021(4) A] and (MeN)sZr—Si(SiMes)s [9a, 2.018(7) A]/f

suggesting that steric factors might play a role in the @r
elongation in the disilyl anion [(M&N)sZr(SiBUuPh),] ~ (3a).

TBP complexes often show elongation of the bonds between
the central metals and the axial ligands. Similar to thesZrN
moiety in the structure of [Zr(NM#4],,°2 the cation in5
reveals a distorted TBP structure around Zr(2) with the N(4)
disilyl complex was first observed in [Li(THE[(Me2N)s- and N(4A) atoms in the axial positions. In comparison, the
Zr(SiBuPhy),] (3aLi),” which was prepared from the  zrNg moiety in Zr(NMe)sLix(THF), (10-Li,) approaches an
reaction of (MeN)sZr—SiBuPh, (118 with Li(THF)sSiBU- octahedroria The Zr(2)-terminal N(3) bond [2.036(2) A] in
Phy (2-Li). [(Me2N)sZr(SiBuPhy),] ~ (3a) represents the first
isolated and structurally characterizettisilyl complex free

of anioniczz-ligands and a rare example of a pentacoordinated
d® Zr(IV) complex. Another reported pentacoordinated
homoleptic anionic complex [Li(dmg]Zr(SCMes)s] (dme

= dimethoxyethane) adopts a distorted TBP structtifde
trans angle St+Zr—Si [170.47(3)] in5 is near 180, and it

is slightly smaller than 177.93(5)n [Li(THF) 4][(Me2N)s-
Zr(SiBuPhy),] (3a-Li).” The Zr—Si bond distance of 2.9507-
(7) A'in 5is close to that [2.9331(14) A] iBa-Li, and it
represents, to our knowledge, the longest reportedStr

SI(IA)-Zr(1)-Si(1) 170.47(3)  N(AYZr(2)-N(@4A) 172.54(11)
N(2)-Zr(1)-N(2A) 118.86(11)  N(5)Zr(2)-N(5A) 124.30(11)
N(@2)-Zr(1)-N(1) 120.57(6)  N(5yZr(2)-N(4)  85.54(8)
N(2)-Zr(1)-Si(1A) 89.83(6)  N(3)Zr(2)-N(5) 117.85(5)
N(@2)-Zr(1)-Si(l)  95.01(6)  N(3}Zr(2)-N(4)  93.73(5)
N(1)-Zr(1)-Si(l)  85.235(13) N(5A)Zr(2)-N(4) 90.97(8)

(14) Other known Z+Si bond lengths: 2.803(2) A in (MM)sZr-SiBU-
Phy (118),7 2.781(2) A in (MeN)sZr-Si(SiMes)s (9a),” 2.860(2) A
in (MexN)[(MesSiyN]Zr-SiButPhy,”" 2.753(4) A in (BUO)sZr-Si-
(SiMe3); [Heyn, R. H.; Tilley, T. D.Inorg. Chem 1989 28, 1768],
2.848(3) A in (MeSiOLZr(SiBUPh)(CI)(THF),," 2.74(2) Ain (Bu-
CHo)3Zr-Si(SiMes)s,’¢ 2.772(4) A in CpZr[Si(SnMey);]Cl, 12 2.721-
(2) A'in CppZr(SiPhy)(H)(PMes) [Kreutzer, K. A.; Fisher, R. A.; Davis,
W. M.; Buchwald, S. L.Organometallics1991, 10, 4031], 2.813(2)
A in CpyzZr(SiPhs)Cl [Muir, K. J. Chem. Soc. A971, 2663], CpZr-
(SiMe3)(S,CNEL) [Tilley, T. D. Organometallics1985 4, 1452],
2.853(2) A in CpZr(CI)[Si(SiMes3),SiMe,CMe,CHMey], 2.8771(10)
A in highly crowded CpZr[Si(SiMes)s]» [Kayser, C.; Frank, D.;
Baumgartner, J.; Marschner, €.Organomet. Chen2003 667, 149],
and 2.866(2)2.887(2) A in K(18-crown-&{ (Me:N)sZr[n2-(Mes-
Si)2Si(CHp)2Si(SiMes)z]} .7

(13) Kawaguchi, H.; Tatsumi, K.; Cramer, R. Borg. Chem.1996 35, (15) Appleton, T. G.; Clark, H. C.; Manzer, L. Eoord. Chem. Re 1973
4391. 10, 355.
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Table 3. Equilibrium Constants in egs 2 and 4

eq 2 (Zrp eq 2 (Hfp eq &
T (K) Keq(UKeq(ran) Keq(GKeq(ran) Keq(UKeq(ran>
308(1) 6.76(8) 1.6(4)
303(1) 7.93(6) 2.1(5) 3.77(5)
298(1) 10.4(1) 2.5(8) 4.00(4)
293(1) 12.9(1) 2.8(5) 4.14(5)
288(1) 16.7(2) 3.5(5) 4.392(15)
283(1) 22.0(2) 4.3(3) 4.684(14)
278(1) 27.9(1) 5.6(2) 4.97(6)
273(2) 40.8(1) 7.5(5) 5.29(3)
268(1) 53.9(1) 8.92(16) 5.51(5)
263(1) 72.4(1) 9.62(5) 5.647(8)
258(1) 95.7(1) 11.8(2) 6.13(3)
253(1) 125(1) 13.7(5) 6.45(2)
248(1) 166(1) 16.4(1) 6.90(2)
243(1) 242(1) 18.9(10) 7.27(1)
238(1) 7.99(2)
233(1) 8.51(1)
228(1) 9.28(1)
223(1) 10.0(2)

aThe largest random uncertainties at€q(ranfKeq = 0.08/6.76= 1.2%,
0.8/2.5= 32%, and 0.05/3.7F# 1.2% for eq 2 (Zr), eq 2 (Hf), and eq 4,
respectively. The total uncertaintiesKe/Keq of 5.1, 32, and 5.1%,
respectively, were calculated from theKeqranfKeq and the estimated
systematic uncertaintyKegesysfKeq = 5% by 0KedKeq = [(0KeqranfKeg)?
+ (0KeqisysfKe?I V2.

5 is shorter than the Zr(2)-bridging N(5) bond [2.1337(19)
A]. This is consistent with less ep n-bond character
between Zr(2) and N(5), as a result of bonding between N(5)
and Li(1). The Zr-terminal N lengths iB5[2.036(3)-2.080-
(2) A] are similar to those in [Zr(NMg4] [2.050(5)-2.104-
(5) A].9

Amide—Silyl Exchanges Involving the (SiBiPh,)~ (2)
Anion. When crystals o6 were dissolved in THF, the
reverse reaction in eq 1 was observedthand3C NMR
spectra of the solution, yielding Zr(NMgr (1a) and
(SiBUPh)~ (2).18 In fact, [(MeN)sZr(SiBUPhy),]~ (39),
[Zr(NMey)s] ~ (4a), 1a, and2 in the solution o were found
to be in an equilibrium in eq 2. This equilibrium was also
observed wherla and2 were mixed in THFdg. *H EXSY
spectrum fmix = 2 s) of a mixture oflaand?2 at 32°C is
given in the Supporting Information. Strong cross-peaks were
observed among three-NMe, peaks and between two
—SiBuPh, peaks, indicating a chemical exchange process
for the complexes in eq 2.

SiBu'Ph, 1©
Me,N,, |
M-NMe, [+
Me,N

SiBuPh,
M = Zr, 3a; Hf, 3b

THF-d;
2 M(NMey), + 2 SiBulPh, © =—

M=12Zr,1a
Hf, 1b

2
M = Zr, 4a; Hf, 4b @)
_ [3ab][4ab]

[1abP[2]

Variable-temperaturtH NMR spectroscopy over a 65 K
range (243-308 K) was used to study the equilibria in THF-
dg. The equilibrium constant€eq range from 242(1) at 243
K to 6.76(8) at 308 K (Table 3) for the Zr complexes,
indicating that the forward reaction to give disilgh and

(16) In these THFdg solutions, Li cations inlb-Li, probably exist as
free Li(THF-dg)4™ ions. In addition, our current studies of [Zr(NM&2
(1&) in THF-dg suggest that it exists as the monomeric adduct Zr-
(NMe2)4(THF-dg)o.
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pentaamiddais favored and that decreasing the temperature
shifts the equilibrium towar®a and 4a. A plot of In Keq
versus 10007 by the van't Hoff equatioll (correlation
coefficientR = 0.999) gives the thermodynamic parameters
of the equilibrium: AH® = —8.3(2) kcal/molAS’ = —23.2-

(9) eu, andAG®,95 kK = —1.4(5) kcal/mol at 298 K. The
forward reaction is endothermic, and the entropy chake

= —23.3(9) eu reflects the stoichiometry of the reaction. The
enthalpy change outweighs the entropy change in the forward
reaction to giveAG°,gs k < 0 in favor of 3a and4a

In tolueneds, an equilibrium involving Zr(NMe), (1a),
(SiBUPh)~ (2), 33, 43, and [Zr(NMe)e)?> (10) was ob-
served. ThéH NMR peaks of the amide ligands-NMe,)
in 3a, 4a, 1a, and10 were severely overlapped, preventing
accurate quantitative studies of the equilibrium. The freezing
point depression studies of [(IMe)sZr(SiBUPh),] [Zr-
(NMey)sLix(THF)4* (5) in benzene suggest that dissolution
of 1 equiv of5 in benzene generates3 equiv of neutral or
ionic species. This is consistent with the fact that, in solution,
5is involved in an equilibrium that gives several additional
species including3a, 4a, Zr(NMey); (1), [Li(THF).]T,
(SiBUPhy) ™~ (2), and [Zr(NMe)e]?~ (10).

The reaction between Hf(NMg (1b) and Li(THF)SiBU-

Phy (2-Li) gives an equilibrium similar that of Zr analog (eq
2). Overlaps of the!tH NMR resonances of the-NMe,
ligands in both THFds and tolueneds were observed, leading
to larger errors in the measurementlk, values listed in
Table 3. A plot of In Keq versus 10007 (correlation
coefficientR = 0.982) yieldsAH® = —5.7(10) kcal/mol,
AS = —17(4) eu, and\G°,95 k = —0.6(20) kcal/mol at 298

K for the equilibrium of the Hf complexes in TH&:” These
thermodynamic parameters are similar to those of their Zr
analogs discussed earlier.

We reported earlier that the disilyl anions [(A&sM-
(SiBUPh),]~ (M = Zr, 3a Hf, 3b) undergo silytsilyl
exchanges in eq 3" NMR studies of Zr(NMeg)sLix(THF),
(10-Lip) by Chisholm and co-workers suggest that LiNMe
dissociates froml0-Li,.°a These silyl and amide dissociations
may be present in the reactions in eq 2. NMdissociated
from [M(NMey)s]~ (4a) subsequently attacks the -Mbi
bonds in [M(NMe)3(SiBuPhy),]~ (33, 3b) or in (Me;N)sM—
SiBuPh (11a 11b) to give M(NMe)4 (1a, 1b).

?iBUtPhg SiBu‘th o
wM + siputph,” == | MeN"y e, (3)
MeZN ‘ NMez MezN
MeN SiBu'Ph,

M= ZI', 103, Hf, 10b M= Zr, 3a; Hf, 3b

as Li(THF),* salts

The amide-silyl exchange involving (MgN)sZr—N(SiMe;),
(6a), prepared from (MgN)3ZrCl and LiN(SiMe), (7-Li),
and LiSiBUPh, (2-Li) has also been investigated. Compound
6a reacts with2-Li to give 3a and 7-Li in toluene. This
provides an easier, alternative method to pref@aki. In
THF-dg, a reversible reaction in eq 4 was observed and the
system quickly reached an equilibrium. It is not clear why

(17) See Supporting Information for details.



Amide—Silyl Ligand Exchanges and Equilibria

the substitutions in the forward and reverse reactions are CaAl
selective. In the forward reaction, the silyl anidselectiely
replaces the-N(SiMe3); ligand in6a, affording exclusively
[(Me2N)3Zr(SiBuPhy),]~ (3a) and N(SiMe),~ (7). No sub-
stitution of the—NMe; ligand in (MeN)sZr—N(SiMes), (6a)

was observed. In the reverse reaction, amide anidh
(SiMes);~ (7) replaces the silyl ligands iBa. It is interesting

to note that, in the reverse reaction, the amide anion
—N(SiMes),~ (7) did not replace the-NMe, ligand in
[Zr(NMey)3(SiBuPhy),] = (3a). In theH EXSY spectrum of

a mixture of2 and6aat 32°C,'” cross-peaks were observed
between—NMe,, —SiBuPh, and —N(SiMe;), peaks, re-
spectively, indicating an exchange process involving the
complexes in eq 4. Thermodynamic studies of this equilib-

rium by 1H NMR spectroscopy were conducted. Figure 2. Molecular drawing of9b showing 30% probability thermal
ellipsoids. Hydrogen atoms are omitted for clarity.

N(SiMes), 4 THF-ds ,\,,eZN/'SiPhZB"'t © o Table 4. Selected Bond Distances (&) and Angles (deg)dbr
MeN"ZF, +2SiPhBut© =—— SZr—NMe, [+ N(SiMes), @)
1 Nve, MeN"'| ; Hf(1)—N(1) 2.017(8) C(5FN(1) 1.425(14)
MezN SiPh,Bu Hf(1)—Si(1) 2.743(6) C(1}Si(2) 1.874(12)
6a sa Si(1)-Si2) 2332(4) C(2)Si(2) 1.859(11)
[3a][7] C(4)—-N(1 1.435(14) C(3rSi(2
Keq:m (4-N(1) (14) C(3ySi(2) 1754(15)

N(1)—-Hf(1)-N(1A) 111.7(2) Si(2)-Si(1)-Si(2B) 106.22(18)

The equilibrium constantseq (Table 3) range from 10.0-  N()—Hf(1)-Si(1)  107.1(3) Si(2ySi(1)-Hf(1) ~ 112.55(16)
(1) at 223 K to 3.77(5) at 303 K. The forward reaction in eq gg_mﬁg_ﬁ%)) 1111515((%) gg;g:gg_g:&; ﬂgzégg
4, the selective substitution of theN(SiMe;), ligand in6a C(4-N(1)-Hf(1)  137.4(8) C(1¥Si(2)-Si(1)  110.0(4)
by (SiBUPh)~ (2), is slightly favored, and lowering the
temperature shifts the equilibrium in eq 4 to the products 5, the formation of silyl complexes (MN):M—Si(SiMes)s
side. The plot of InKeq versus 1000V gives the thermody- (92, 9b) in egs 5 and 6 is not thermodynamically favored.
namic parameters for this equilibrivFhAH® = —1.61(12)  Cooling the equilibrium mixture ofb, 8, 9b, and4b (eq 5)
kcal/mol,AS’ = —2.6(5) eu, and\G°,95 k = —0.8(2) kcal/ in tolueneds to —36 °C gave crystals of (Mg\)sHf—Si-
mol. Although the entropy changeS® [—2.6(5) eu]< 0 in (SiMe3)3 (9b) in 16.9% yield.

the forward reaction, the enthalpy changeH® = —1.61- Si(Siiey)

(12) kcal/_mol] outweighs_the entropy change, making the ,yawe,, + sisivies,® THE-ds o + M(NMe)®  (5)

exothermic forward reaction slightly favored. 11 8 Meh;: AN, 4 4b
Amide—Silyl Exchanges Involving the [Si(SiMg)3] ™ (8) ' Zga'Qb

Anion. When M(NMe), (1a, 1b) and (MeN)sM—N(SiMes), '

(M = Zr, 6a; Hf, 6b) were added Li(THRBI(SiMes)s (8- N(SiMes), Si(SIMeg)s

Li),%% substitution of the amide ligands-NMe, and MeN" Mg, + Bl . + NSiMes,©  (6)

—N(SiMes),, respectively, were observed, yielding the MeN Mot ez ,

monosilyl complexes (MgN)sM—Si(SiMes)s (M = Zr, 9a; 6a; &b 9a: 9b

Hf, 9b).”" The reactions are reversible, giving the equilibria

in eqs 5 and 6. No disilyl complexes were observed, perhaps Preparation and Crystal Structure of (Me,N)s;Hf —Si-

as a result of the bulkiness of theSi(SiMey)s ligand. In (SiMes)s (9b). The crystal structure of the Zr complex
contrast to eqs 2 and 3, theversereactionsineqs 5and 6  (Me;N)sZr—Si(SiMes); (9a) had been reported by our
yielding amidesla (1b) or 6a(6b) and8-Li are preferred in group’f The efforts to make single crystals of its Hf analog
the equilibria. In THFds, only ~6% of 8-Li converted to 9b that were suitable for X-ray diffraction were not suc-
(MezN)3Zr—Si(SiMes)s (9a) in the equilibrium of the Zr cessful then. In the current work, such crystal9bfwere
complexes in eq 5, anleq = 4.5(9) x 102 and AG® = prepared from the amidesilyl exchange reaction of Hf-
3.20(13) kcal/mol at 298 K. A much more significant (NMey), (1b) with Li(THF).Si(SiMe;); (8-Li). A molecular
conversion (43%) of Li(THRBI(SiMe;)s (8-Li) to (Me,N)s- drawing, crystallographic data, and selected bond distances
Hf —Si(SiMe;); (9b) was observed in the equilibrium of the and angles 08b are given in Figure 2, Table 1, and Table
Hf complexes in eq 5, anlleq = 3.0(6) andAG® = —0.65- 4, respectively. The crystal structures ® and 9b are

(11) kcal/mol at 298 K. It is not clear why the Hf complex isomorphous. A crystallographically imposed 3-fold rotation
1b undergoes more extensive conversion in its reaction with axis exists along the HfSi bond with three amide ligands
7-Li. For the equilibria involving (MeN)sM —N(SiMes); (63, on the Hf atom staggered with respect to the trimethylsilyl
6b) in eq 6,Keq=1.1(1) x 1072and 1.0(1)x 10 ?[AG® = groups on the tertiary Si atom. The one Hf and three Si atoms
2.7(1) kcal/mol] at 298 K for the Zr and Hf complexes, all exhibit a pseudotetrahedral geometry with angles between
respectively. Except for the reaction bl with 8-Li in eq 106.22(18) and 113.8(%)The H—N bond distance of 2.017-
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(8) A is close to the ZrN distance of 2.018(7) A ia
The Hf—Si bond distance of 2.743(6) A is shorter than the
Zr—Si distance of 2.784(4) A ia. It is similar to the
distances of 2.748(4) A in Cp*GHf—Si(SiMe;)s!82 and
2.744(1) A in Cp*CpHI[SiH(SiMe),]H® but is shorter than
distances of 2.802(6) A in GHif[Si(SiMes)3](Me:NCH,CH,-
NMe,),18¢2.863(2) A in chelating K(18-crown-6) (Me;N)z-
Hf[ 7?-(Me3Si),Si(CH,).Si(SiMe;),]} (12b),""and 2.896(7)
2.918(7) A in [Li(THF)][(Me,N)sHf(SiButPhy),] (3b-Li). ™
Reactions of Zr(NMey), (1a) and (MeN)sM —N(SiMes),
(6a, 6b) with [K(18-crown-6)][(MesSi),Si(CH,),Si(SiMes),]
(13-K3). When Zr(NMe), (1a) was added with 1 equiv
of 13K, in benzened, the formation of K(18-
crown-6y{ (Me2N)sZr[1*-(MesSiSi(CH,).Si(SiMey).]} (128)

Cai et al.

C(5) C(7A)

Figure 3. Molecular drawing of [Hf(NMe).]. showing 30% probability

was observed (eq 7), and the reaction was completed inthermal ellipsoids. Hydrogen atoms are omitted for clarity.

~10 min. No reverse reaction was observed. Compound

12a has been prepared earlier through the reaction of
(MeN)sZr—Cl with 13-K,. " It is interesting to note that there

is no sign oflain the mixture. This observation suggests
that, unlike the equilibrium involving Li(THRBIBUPh
(2-Li) and the disilyl complexes [(M&N)sM(SiButPhy),]~
(3a,3b; eq 2), the substitution of amide ligands in Zr(N)le
(1a) by chelating [(M@Si).Si(CH,).Si(SiMe;)2]>~ (13) is
irreversible This is perhaps not surprising because the
substitution of monodentate ligands by chelating ligands is
in part driven thermodynamically by entropy increde.

Zr(NMe,),
1a R R R,Si €]
R = ,R O n 25)
A(Saiz(CHz)bgA ® MeZN”"r‘lA/—sz
’ v
N(SiMes), B G O |MeNT | 7
Me. N\\ul\ld\ NMe, ( )
27" 4 "NMe, 13-Ky

Me,N
6a; 6b

12a; 12b
O =18-crown-6 R =SiMe3

A similar reaction between (MN)sM—N(SiMes), (63, 6b)
and [K(18-crown-6)J[(MesSi),Si(CH,).Si(SiMe&s),] (13-K5)
in benzeneds was also investigated by using a 1:1 molar
ratio of the reagents. THél NMR spectrum of the reaction
mixture showed that bot®and13-K, gradually disappeared
with the formation of K(18-crown-){ (Me;N)sM[#7?-(Mes-
Si);Si(CH,):Si(SiM&;);]} (12a 12b) in 21—24 h. Compared
to the reaction of Zr(NMg, (1a) with 13-K,, 6a (or 6b)
and 13-K, were found to react much more slowly. The
bulkiness of (MeN)s;Zr—N(SiMes), (6@) in comparison to
Zr(NMey), (18) probably contributes to its slow reactions.
X-ray Crystal Structure of [Hf(NMe )4, (Dimer of 1b).
In the course of the current studies of the amidiyl
exchanges involvinglb, crystals of [Hf(NMe)s. were
obtained from crystallization in toluene, and its structure was
solved. A molecular drawing, crystallographic data, and
selected bond distances and angles of [Hf(Ml¥gare given

(18) (a) Arnold, J.; Roddick, D. M.; Tilley, T. D.; Rheingold, A.;LGeib,

S. J.Inorg. Chem1988 27, 3510. (b) Casty, G. L.; Lugmair, C. G;
Radu, N. S.; Tilley, T. D.; Walzer, J. F.; Zargarian, Organometallics
1997 16, 8. (c) Frank, D.; Baumgartner, J.; Marschner, @hem.
Commun2002 1190.

(19) KNMe; is believed to be a product in the reaction in eq 7. It was
prepared from the reaction of Ph@kwith HNMe,.'® KNMe;, was
found to be pyrophoric and unstable in benzelpeand THFds,
decomposing to unknown species. Its formation in this reaction (eq
7) could thus not be confirmed.
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Table 5. Selected Bond Distances (A) and Angles (deg) for
[Hf(NMe2)d]2

Hf(1)—N() 2.028(7)  Hf(1}N(3) 2.064(6)
Hi(1)—N(2) 2.074(8)  Hf(1}-N(4) 2.262(7)
Hf(1)—N(4A) 2.324(7)

N(L)-Hf(1)-N(3)  106.1(3) N(LFHf(1)-N(2) 104.6(2)
N(3)—Hf(1)—N(2) 94.1(3) N(1}-Hf(1)-N@4) 111.6(2)
N(3)—Hf(1)-N(4)  139.7(3) N(2»-Hf(1)-N(4)  90.0(3)
N(L)—-Hf(1)-N(4A) 102.9(2)  N(3»-Hf(1)—N@4A)  87.4(3)
N(2)—Hf(1)-N(4A) 150.9(3)  N(4»-Hf(1)-N(4A)  71.0(3)

in Figure 3, Table 1, and Table 5, respectively. In the solid
state, Hf(NMe), (1b) adopts a dimeric structure, like its Zr
analog, which Chisholm and co-workers reported eatffier.
In the structure of [Hf(NMg),]., the local coordination
around each Hf atom is square pyramidal, and the dimer-
ization of the two Hf(NMeg)4 units occurs by the fusing of
square pyramids along a common equatorial edge. In [Hf-
(NMey)4]2, the local coordination about each Zr atom
corresponds to a distorted trigonal bipyramid (TBP)he

two Zr and the two bridging N atoms in [Zr(NMg]. form

a centrosymmetric, planar parallelogram core, and the six
terminal—NMe; ligands are in a staggered conformatiQ@a(
symmetry). In contrast, the two Hf and bridging N atoms in
[Hf(NMey)4]. form a nonplanar core with six terminal
—NMe; ligands in an eclipsed conformatioB, symmetry).
The bridging H=N bond distances of 2.262(#2.324(7)

A are longer than the terminal HN bond distances of
2.028(7)-2.074(8) A.

In the current work, several equilibria involving amide
silyl exchanges are reported. It is interesting that amide
ligands in @ complexes are replaced by silyl anions, and
the reactions are reversible. Although many mechanistic
studies have been performed on ligand exchange reactions
of late-transition-metal complexé$,there are few such
studies involving a 8imetal center. Thermodynamic studies
of the equilibria in the current systems have been conducted.
These systems also provide a unique opportunity to under-
stand nucleophilic substitution reactions that are commonly
used in synthetic chemistry.

(20) (a) Crabtree, R. HThe Organometallic Chemistry of the Transition
Metals Wiley: New York, 1994. (b) Wilkinson, R. CKinetics and
Mechanism of Reactions of Transition Metal CompleX&3H: New
York, 1991. (c) Jordan, R. BReaction Mechanism of Inorganic and
Organometallic System®xford University Press: New York, 1991.



Amide—Silyl Ligand Exchanges and Equilibria

Experimental Section

General Procedures All manipulations were performed under
a dry nitrogen atmosphere with the use of either a dry box or
standard Schlenk techniques. Solvents were purified by distillation
from potassium/benzophenone ketyl. BenzdgeTHF-ds, and
tolueneds were dried over activated molecular sieves and stored
under N. The freezing point depression experiment was conducted
in benzene. MGI(M = Zr, Hf) was freshly sublimed prior to use.
Li(THF),SiBuPh, (2-Li, x = 2, 3}%2and Li(THF)Si(SiMe&;)3 (8-
Li, x = 2, 3)y% were prepared by the literature procedures.
M(NMey)s (1a, 1b) were prepared from MGland 4 equiv of
LiNMe; in hexane%® and were crystallized from toluene &30
°C.H and3C{H} NMR spectra were recorded on a Bruker AC-
250, Bruker AMX-400, or Varian Mercury 300 spectrometer and
referenced to solvent (residual protons in YHespectra)H EXSY
(exchange spectroscopy) spectrum was recorded 4C3an the
Bruker AMX-400 spectrometer. Elemental analyses were performed
by Complete Analysis Laboratories Inc., Parsippany, New Jersey.

In the thermodynamic studies, the equilibrium constégsvere

slurry of ZrCl, (5.00 g, 21.5 mmol) in THF (30 mL) at30 °C.
The mixture was warmed with stirring to room temperature
overnight and was then cooled 630 °C. LiN(SiMe3); (3.59 g,
21.5 mmol,7-Li) in THF (30 mL) at —30 °C was added slowly.
After the mixture was stirred overnight, all volatiles were removed
in vacuo. Hexanes (2 40 mL) were added, and the solution was
filtered. A solid was obtained after the volatiles in the filtrate were
removed in vacuo. Sublimation in vacuo at 80 gave a white
waxy solid of 6a (6.20 g, 16.2 mmol, 75.1% yieldfH NMR
(benzeneds, 400.0 MHz, 23°C): 6 2.90 (s, 18H, We,), 0.275 (s,
18H, SMej3). 13C{H} NMR (benzeneds, 100.6 MHz, 23°C): 6
42.14 (\Vey), 4.38 (SMe3). *H NMR (THF-dg, 400.0 MHz, 23
°C) 6 2.94 (s, 18H, We,), 0.170 (s, 18H, Siles). 13C{*H} (THF-
ds, 100.6 MHz, 23C): ¢ 42.59 (N\Ve,), 4.55 (SMej3). Anal. Calcd
for C12H36N4Si22r: C, 37.55; H, 9.45. Found: C, 37.31; H, 9.28.
Preparation of (Me,N)s;Hf —N(SiMej3), (6b). LiNMe; (2.39 g,
46.8 mmol) in THF (30 mL) at-40 °C was added dropwise to a
slurry of HfCl, (5.00 g, 15.6 mmol) in THF (30 mL) at40 °C.
The mixture was warmed with stirring to room temperature

obtained from at least two separate experiments at a givenOVernight. The mixture was then cooled t630 °C, and LiN-
temperature, and their averages are listed. The concentrations ofSiMes)2 (2.61 g, 15.6 mmol) in THF (30 mL) at30°C was added

the species involved in the equilibria were determined frontithe
NMR spectra. The estimated uncertainty in the temperature
measurements for an NMR probe was 1 K. The enthalypiy®)

and entropy AS’) were calculated from an unweighted nonlinear
least-squares procedure. The uncertaintieAlff and AS’ were
computed from the following error propagation formulas which

were derived from-RTIn Keg = AH® — TAS®:7¢
(oA = RA(Tomin Tt + Trnie T
(Trax — min)
n ( eq(maX) ( T) 2R2Tmax Trin (UK q) ®)
Kegmif] \ T/ (T = Tin)?
(0AS)? = mn Tnax
(Tmax ~ Tin)
S Gt
Keamn/] \ T T~ i)

Preparation of [(MeN)sZr(SiBuPhy)z] “[Zr(NMe 2)sLi o THF) 4]

(5). Freshly sublimed Zr(NMg, (1a, 300 mg, 1.12 mmol) was
mixed with Li(THF),SiBuPh (2-Li, 394 mg, 1.08 mmol) in a
Schlenk flask. Cold toluene<10 °C, ~4 mL) was added to the
mixture to dissolve the two compounds. The solution was then
cooled to—30 °C in a cold bath. Bright orange crystals gradually
grew from the solution. The crystals were washed four times by
cold toluene (2 mL per wash). Stripping away all volatiles afforded
a yellow crystalline solid 056 (407 mg, 0.309 mmol, 55.2% based
on 1a). Anal. Calcd for G4H11NgO4SixZr,Li,: C, 58.40; H, 9.04.
Found: C, 58.27; H, 8.91.

The equilibrium in eq 2 was observed whmvas dissolved in
THF-dg. '"H NMR (THF-dg, 400.0 MHz, 25°C): ¢ 7.49, 6.97, 6.87
(m, Ph), 3.62 (m, THF), 2.90 (syNMe,, 1a), 2.82 (s,—NMey,
4a), 2.75 (s,—NMe,, 3a), 1.77 (m, THF), 0.950 (s;7-CMe;, 2),
0.862 (s,—CMes, 3a). 13C{1H} NMR (THF-dg, 100.6 MHz, 25
°C): 0 137.59, 126.46, 124.41 (Ph), 68.23 (THF), 44.750Me,,

43), 43.43 (-NMe,, 3a), 43.14 (-NMe,, 1a), 31.87 (BU, 2-Li),
31.48 (-CMe;, 3a), 27.87 (-CMes, 3a), 26.36 (THF).

Preparation of (Me,N)sZr —N(SiMe3), (6a). LiINMe; (3.29 g,

64.5 mmol) in THF (40 mL) at-30 °C was added dropwise to a

slowly. After the mixture was stirred overnight, all volatiles were
removed in vacuo. Hexanes (2 30 mL) were added, and the
solution was filtered. A solid was obtained after the volatiles in
the filtrate were removed in vacuo. Sublimation in vacuo atG5
gave a white waxy solid ob (5.75 g, 12.2 mmol, 78.2% yield).
IH NMR (benzeneds, 400.0 MHz, 23°C): 6 2.93 (s, 18H, Wey),
0.288 (s, 18H, Jiles). 13C{H} NMR (benzeneds, 100.6 MHz,
23°C): 0 41.69 (\Vey), 4.43 (SMe3). *H NMR (THF-ds, 400.0
MHz, 23°C): 6 2.93 (s, 18H, We,), 0.157 (s, 18H, Jiles). 13C-
{*H} (THF-dg, 100.6 MHz, 23C): 6 42.05 (N\Vey), 4.53 (SMey).
Anal. Calcd for GoH3gN4Sib,Hf: C, 30.59; H, 7.70. Found: C,
30.31; H, 7.59.

Preparation of (Me,N)zHf —Si(SiMe3); (9b). Li(THF)3Si-
(SiMe3)s (8-Li, 47.0 mg, 0.118 mmol) and Hf(NM (1b, 42.0
mg, 0.118 mmol) were weighted in a Young’s NMR tube. Toluene-
ds (~0.45 mL) was added. Colorless crystal®bf(11.2 mg, 0.0200
mmol, 33.9% vyield based ofb) formed at—36 °C. *H NMR
(benzeneds, 250.1 MHz, 23°C): 6 2.94 (s, 18H, We,), 0.39 (s,
27H, SMey). 13C{H} NMR (benzeneds, 62.5 MHz, 23°C): ¢
38.9 (N\Mey), 5.2 (SMey). 2°Si{ 'H} NMR (DEPT, benzenels, 79.5
MHz, 23°C): 6 —2.1 (SiMe3), —103.5 Bi(SiMes)s]. Anal. Calcd
for CisHasN3SigHf: C, 32.27; H, 8.12. Found: C, 32.12; H, 8.12.

Thermodynamic Studies of the Equilibrium in Equation 2.

In the first experiment, Zr(NMgy (1a, 22.2 mg, 0.0830 mmol),
Li(THF),SiBuPh, (2-Li, 26.8 mg, 0.0686 mmol) and 4;dimethyl
biphenyl (internal standard, 11.4 mg, 0.0625 mmol) were added to
THF-dg (0.428 mL) in a Young’'s NMR tube. In the second
experiment, Zr(NMg), (1a, 34.5 mg, 0.129 mmolR-Li (56.7 mg,
0.145 mmol), and 4,4dimethyl biphenyl (15.1 mg, 0.0828 mmol)
were added to THIes (0.528 mL) in a Young’'s NMR tube. Another
solution was prepared by dissolution of [(MB:Zr(SiBuPh),] ~[Zr-
(NMey)sLix(THF)4] (5, 20.5 mg, 0.0156 mmol) and 4-dimethyl
biphenyl (15.1 mg, 0.0828 mmol) in TH#(0.472 mL). Variable-
temperaturéH NMR studies of these three solutions were carried
out between 308 and 243 K.

Similar thermodynamic studies were conducted involving Hf-
(NMey)4 (1b, 30.8 mg, 0.0868 mmol) and Li(THESIBUPh, (2-

Li, 40.3 mg, 0.103 mmol). The mixture was added td-4l4nethyl
biphenyl (internal standard, 11.7 mg, 0.0642 mmol) and dissolved
in THF-dg (0.432 mL). Variable-temperatufél NMR studies of
these three solutions were carried out between 308 and 243 K.
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In tolueneds, an equilibrium involving Zr(NMg), (1a), SIiBUPh~
(2), 3a, 4a, and Zr(NMe)s>~ (10) was observed. ThéH NMR
peaks of the amide ligands-\Mey) in 3a 4a, 1, and 10 were

Cai et al.

(48.1 mg, 0.102 mmol) and3-K, (100 mg, 0.102 mmol) in an
NMR tube were added to benzedgat 23°C. 'H NMR spectra
were taken in a few minutes and the next day. After 1 day}the

severely overlapped, preventing accurate quantitative studies of theNMR peaks of6b had disappeared. Similar studies were conducted

equilibrium.

Thermodynamic Studies of the Equilibrium in Equation 4.

In the first experiment, (M#N)s:Zr—N(SiMe;3), (6a, 39.4 mg, 0.103
mmol), Li(THF),SiBuPh, (2-Li, 74.9 mg, 0.192 mmol) and the
internal standard 4'4limethyl biphenyl (23.5 mg, 0.129 mmol)
were added to THFs (0.719 mL) in a Young’'s NMR tube. In the
second experimenta (21.1 mg, 0.549 mmolR-Li (41.8 mg, 0.107
mmol), and 4,4dimethyl biphenyl (14.8 mg, 0.0812 mmol) were
added to THFdg (0.524 mL) in a Young’s NMR tube. The VT-
NMR studies were conducted between 303 and 223 K.

Thermodynamic Studies of the Equilibrium in Equations 5
and 6. For the equilibrium of the Zr complexes in eq 5, Zr(NMe
(1a 41.9 mg, 0.157 mmol), Li(THEBI(SiMe;); (8-Li, 36.4 mg,
0.0913 mmol), and 4;4dimethyl biphenyl (12.5 mg, 0.0686 mmol)
were mixed and added to THig- (0.527 mL). The'H NMR
spectrum at 298 K was used to gi¥e, Similar studies were
performed using Hf(NMg, (1b, 31.2 mg, 0.0879 mmol), Li-
(THF);3Si(SiMe&s)s (8-Li, 20.8 mg, 0.0450 mmol), 4'4imethyl
biphenyl (6.0 mg, 0.033 mmol), and TH#k-(0.488 mL).

For the equilibrium of the Zr complexes in eq 6, (MBsZr—
N(SiMe3); (6a, 38.7 mg, 0.101 mmol) and Li(THESiI(SiMe;)3 (8-

Li, 48.0 mg, 0.102 mmol) were added to THE{0.557 mL). The
IH NMR spectrum at 298 K was used to gi¥@, No internal

standard was used for the calculatiorkef Similar thermodynamic
studies were conducted for the Hf analogs.

Freezing Point Depression Studies of a Solution of [(M&)sZr-
(SiBUPhy)s] 7 [Zr(NMe »)sLi 2(THF) 4] ™ (5) in BenzeneThe solubil-
ity of 5 in cyclohexane was found too small for freezing point
depression studies. Compl&X363 mg, 0.276 mmol) was dissolved
in benzene (4.043 g). The melting point of the solution was
measured with a digital thermometer. The measurement was
repeated two more times. The melting point decreased from 5.49
to 4.43°C. From the freezing point depression equatién= 5.12
°C/m), ATy = — iKim, i = 3.03.

Reaction of Zr(NMey), (1a) with [K(18-crown-6)],[(Me3Si),Si-
(CH»),Si(SiMes);] (13-K3). Compoundda(27.3 mg, 0.102 mmol)
and13-K; (100 mg, 0.102 mmol) in an NMR tube were added to
benzeneds at 23°C. ThelH NMR spectrum was taken in 10 min.
The spectrum revealed that the peaklafhad disappeared.

Reactions of (MeN)sM—N(SiMe3), (6a, 6b) with [K(18-
crown-6)],[(Me3Si),Si(CH,).Si(SiMe;),] (13-K3). Compoundsb
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involving (Me;N)3Zr—N(SiMes), (6a) and 13-Ko.

Determination of X-ray Structures of 5, 9b, and [Hf(NMey)4]..
The data for the X-ray crystal structuress®b, and [Hf(NM&)4]»
were collected on a Bruker AXS Smart 1000 X-ray diffractometer
equipped with a CCD area detector and a graphite-monochromated
Mo source (K radiation, 0.71073 A) and fitted with an upgraded
Nicolet LT-2 low-temperature device. A suitable crystal was coated
with paratone oil (Exxon) and mounted on a hairloop under a stream
of nitrogen at—100(2)°C. The structure 06 was first solved by
direct methods in the triclinic space gro@ and then converted
to its correct monoclinic space gro@2/c, while structures o8b
and [Hf(NMe)4]» were solved by direct methods. Non-hydrogen
atoms were anistropically refined. All hydrogen atoms were treated
as idealized contributions. Empirical absorption correction was
performed with SADABS! In addition, the global refinements for
the unit cells and data reductions of the two structures were
performed using the SAINT program (version 6.02). All calculations
were performed using the SHELXTL (version 5.1) proprietary
software packag®. A close look of the residue peak of 2.792 e
A-3in the electron density map @b showed it was only 1.13 A
to a Si atom, indicating it is a result of the relatively poor crystal
quality, not unsolved atoms/solvent molecules.
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