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Activation of White Phosphorus by Molybdenum- and Uranium #ris-Amides

by

Frances H. Stephens

Submitted to the Department of Chemistry
May, 2004 in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy in
Chemistry

ABSTRACT |

Molybdaziridine-hydride Mo(H)(n2-Me2C=NAr)(N [i-Pr]Ar), (1, Ar = 3,5-C¢H3Me,) acts
as a source of its three-coordinate isomer Mo(N[i-Pr]Ar)s (2). This relationship has been
probed via an investigation of the coordination chemistry of 1 and Mo(N[z-Bu]Ar); (3), a
bulky analog of 2, with isocyanides RNC (R = l-adamantyl, tert-butyl) and white
phosphorus (P4). A comparison of the rates and activation parameters of these reactions
indicates that 2 is not an intermediate on the pathway from 1 to products, but rather than
the molybdaziridine-hydride “opens” upon substrate binding in an associative process.
Synthesis and characterization of 1:1 and 1:2 isocyanide adducts of 2 and 3, and bridging
and terminal P, compounds of molybdenum derived from the element P4 and their
alcoholysis products are presented.

The uranium tris-amide compounds (THF)U(N[R]Ar); (R = #-Bu, 1-Ad) reacted with
white phosphorus. The unique products contain a square tetraphosphorus moiety
characterized formally as the dianion P,>". Structural and theoretical analyses are
provided for this system.

Thesis Supervisor: Christopher C. Cummins
Title: Professor of Chemistry
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1.1 Introduction

Elemental nitrogen in the form of N, gas is an abundant resource that is currently
underutilized in synthesis. In addition to its conversion to ammoma mcorporatlon of
N,-derived nitrogen atoms into organic molecules is also of interest.*>® To this end, we
have been developing reactive metal complexes capable of dinitrogen scission according
to Equation 1.7

2L;Mo+N=N — 2 L3Mo=N 1)

Dinitrogen cleavage reactions,” when coupled with N-atom transfer reactivity'®' of the
product nitrido complexes, 61718 may yield valuable methods for the synthesis of
organonitrogen compounds without requiring the intermediacy of ammonia.

The search for metal complexes capable of effecting the complete six-electron
reductive cleavage of N; is under way on a variety of fronts.®®"!®  To date, three-
coordinate molybdenum(III) complexes such as Mo(N[#-Bu]Ar); (3, Ar = 3,5- C6H3Me2)7
have provided a paradigm for N cleavage (Equation 1) where an open coordination site
is available for N, binding prior to a bimetallic cleavage process.”® The product nitrido
complex N=Mo(N[z-Bu]Ar); (3-N) is known from structural studles to be extremely
crowded in the vicinity of the molybdenum-nitrogen triple bond,” a circumstance
potentially unfavorable with respect to subsequent N-atom transfer processes.

The role of steric and electronic factors in determining reaction chemistry relevant
to nitrogen fixation is still evolving.™® Recent work by Chirik and coworkers has
demonstrated different coordination modes and reactivity when (CsMesR),ZrCl; (R = H
or Me) is treated under nitrogen with sodium amalgam and then with hydrogen.?**' In
the case of R = H, a p®n°n>-N, complex is formed that reacts at 85 °C with H, to
generate a zirconium dihydride and ammonia. In contrast, when R = Me, reduction under
N; of the zirconium dichloride results in a formation of a dimer with a bridging n ',nl-Nz
ligand and two terminal n'-N; ligands (one on each Zr).? This compound does not
generate NH; when treated with H,. Apparently, replacement of a single methyl group
with a hydrogen on the coordinated Cp* ligand is enough to significantly change the
bonding and reactivity picture.

Seeking a sterically less crowded system still capable of dinitrogen scission, we
undertook the synthesis of the isopropyl-substituted variant of 3, Mo(N[i-Pr]Ar); (2). We
found that this system exists not as a three-coordinate molybdenum(IIl) complex but as
the tautomeric molybdaziridine-hydride, Mo(H)(m2-Me,C=NAr)(N[i-Pr]Ar), (1).2 This
process is correctly described as either cyclometallation or B-H transfer since the anilide
ligand N(i-Pr)Ar provides a hydrogen B to the metal. The resultant imine Me,C=NAr is
bound in an n? fashion; at the other extreme of the oxidative addition formalism, this
forms a three-membered molybdaziridine ring.** The molybdaziridine-hydride complex
has a single unpaired electron, in contrast to compound 3, and can be thought of as either
Mo(III) or Mo(V) at the two extremes of oxidative addition of the amide ligand. Instead

" The X-ray crystal structure of NMo(N[#-Bu}Ph); was determined.’
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of deactivation due to cyclometallation, the molybdaziridine-hydride complex is active
for dinitro;gen scission in addition to a host of related small-molecule activation
processes.”2® The molybdaziridine-hydride functional group effectively masks an open
coordination site required for small-molecule activation via a reversible cyclometallation
process. Small molecule activation by the analogous niobaziridine-hydride Nb(H)(n*-t-

Bu[H]C=NAr)(N[Np]Ar), (Np = neopentyl) has also been demonstrated recently.””*®

These and other cyclometallated systems influence both the steric and electronic
environment that incoming small molecules encounter.!®**?"* There are exceedingly
few systems where rates of reaction can be compared for both cyclometallated and non-
cyclometallated systems for which the crystal structures of both complexes are known.
Furthermore, we have recently shown that addition of coordinating bases can serve to
accelerate N, uptake and cleavage for 1 and 3.7 NMR data showed evidence for binding
of the base to 1 but not to 3 (except in the case of 2,6-dimethylpyrazine), even though an
accelerating effect was demonstrated for both. Such results highlight the importance of
understanding the mechanism of binding and release of ligands in these complexes. This
chapter reports synthetic, kinetic (completed by Drs. Elena Rybak-Akimova and Olga
Kryatova at Tufts University), thermodynamic (completed by Dr. Carl Hoff and Eric
McDonough at University of Miami), and theoretical investigations aimed at probing
differences in rate and energy for binding of isocyanide ligands to 1 and 3. Fundamental
to this quest is a proper description of the sequence of the small-molecule binding and
molybdaziridine ring-opening steps in order to determine whether 2 must be generated
from 1 as a prerequisite for ligand binding.

1.2 Results and Discussion

1.2.1 Reaction of Mo(H)(nz-Me2C=NAr)(NIi-Pr]Ar)z (1) with N-isopropylidene-3,5-
dimethylaniline.

Insertion of substrates into the Mo—-H bond of molybdaziridine-hydride 1 has
never been observed.”” Unsaturated molecules and other substrates that commonly insert
into metal-hydride bonds instead appear to coordinate to the 3-coordinate tautomer of 1,
Mo(N[i-Pr]Ar); (2). For example, benzophenone reacts with 1 to generate the
crystallographically characterized (n*-Ph,CO)Mo(N[i-Pr]Ar); (2-n2-OCPhy).*  This
contrasts with the similar niobaziridine-hydride Nb(H)(n*-Bu[H]C=NAr)(N[Np]Ar),
for which both coordination and insertion modes of reaction are observed.*’
Benzophenone inserts into the Nb—H bond while mesityl nitrile coordinates to form (1*-
MesCN)Nb(N[Np]Ar);.

With the insertable substrate N-isopropylidene-3,5-dimethylaniline, it is possible
to directly probe this reaction dichotomy. Addition of N-isopropylidene-3,5-
dimethylaniline-d¢ to molybdaziridine-hydride 1-d;s results in rapid formation of green
(M*-(D3C),C=NAr)Mo(N[i-Pr-d]Ar); (2-(n>-imine)-dy4). This compound crystallizes in
the space group Pl, and an X-ray structure determination revealed the expected
connectivity (Figure 1.1). It is found that one of the amide ligands (N3) has flipped over
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to avoid steric interference with the nz-imine moiety. There is an approximate mirror
plane passing through the plane containing the imine and the molybdenum; this plane
bisects the unique ligand. The dihedral angle defined by the imine and the unique
N—Cary1 bond is 177.8°. The coordinated imine N—C bond length is 1.376(6) A, and the
C(47)-N(4)-C(41) bond angle is 134.8(4)° (Table 1.1). This N-C bond length is the
same (within 3c) as that in the naphthyl—l~amide-8-n2—imine [113-(Me2CN)(i—
PrN)CioHe]TaCly], (1.413(7) A).**® In contrast with 2-(n’*-imine), the N—C bond length
and C-N-C bond angle of Tan*Mez(’l’]z-M62CNR) (R = 2,6-Me,;C¢H3) are longer
(1.467(7) A) and more acute (125.8(4)°), respectively.’® This indicates slightly less
reduction of the imine in 2-(n*-imine) compared to the second example.

Figure 1.1: X-ray crystal structure of 2-(n’imine). (Left) View showing n? coordination of imine.
{(Right) View showing approximate mirror plane (vertical). Thermal ellipsoids are at the 50% probability
level. Hydrogen atoms have been omitted for clarity. Selected bond lengths and angles are listed in Table
L.

Bond Lengths (4) Bond Angles (deg)

Mo-N1  1.973(5) | C47-N4-C41 134.8(4)

Mo-N2  1.961(5) | N4-Mo-N1 91.80(19) Table 1.1: Selected bond lengths

Mo-N3  1.968(5) | N4-Mo-N2  91.3(2) and angles for 2-(n’-imine).
Calculated bond lengths and angles

Mo-N4  1.973(4) | N4A-Mo—N3 125.21(18) for  (n'-HNC)Mo(NHMe)(NH,),

Mo—C47 2.187(5) | C47-Mo-N1  113.32(19) are shown parenthetically.

N4-C47 1.376(7) | C47-Mo-N2  107.08(19)

N4-C41 1.370(7) | CA7-Mo-N3  87.22(19)
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Because various isotopomers of both 1 and N-isopropylidene-3,5-dimethylaniline
can be synthesized, ’H NMR can be used to analyze the paramagnetic product of this
reaction (Scheme 1.1), thereby directly probing the insertion vs. coordination reaction
dichotomy. When dg-imine is added to 1, two scenarios can be envisioned. If insertion
occurs, one of the isopropyl groups will consist of an H atom and two CD3 groups and
there will be no deuterons in the imine moiety. In contrast, if the d¢-imine coordinates
there simply will be a n?-ds-imine and no deuterons in the isopropyl groups of any of the
ligands. 2H NMR can easily distinguish these products. The H NMR shifts of 2-(n’-
imine)-d,4 are 8 = 2.02 (i-Pr methyl groups) and 1.69 (imine methyl groups) ppm.
Analysis of the reaction mixture resulting from addition of (D;C),C=NAr to 1 by °H
NMR showed only deuteration in the imine portion of the resulting product, 2-(n’-
imine)-dg, suggesting that no insertion into the Mo—H bond occurs.

Scheme 1.1: N-Isopropylidene-3,5-dimethylaniline-ds forms an n’-imine complex with 2. This product
could be formed via insertion into the Mo—H bond of 1 (deuterium label in amide ligand) or via
coordination and metallaziridine ring opening (deuterium label in n*-imine).

DiC
D3Ca= H
H D3C>— I
H ¢ =N a—N
L“"‘k/lO D3C Ar L }\ﬂ/(
~ UL
i N\ insertion il O-N
Ar Ar
=z D3C Dac,, Ar
H : >=N\ DSC k N/
L }w D;C Ar Mﬁ H
1Mo, ~NL
1l N\ coordination L \N/Q'
Ar | ’

Ar

This reaction was further analyzed by one-electron oxidation of 2-(n*-imine)-ds
using silver triflate. This results in a diamagnetic, Mo(VI) product that can easily be
analyzed by 'H NMR. If insertion had occurred, one isopropyl group would be
composed of a proton (methine position) with two adjacent CD; groups. The imine
would contain no deuterons, thus the integration of those signals would total six hydrogen
atoms. Furthermore, the methine position would be split into 13 lines, as opposed to the
septet observed in the fully protio system. In practice, oxidation using silver triflate
resulted in formation of orange, diamagnetic [2-(n’-imine)-d¢][OTf]. No deuteron
incorporation into the isopropyl groups was detected by 'H NMR spectroscopy.
Therefore, it can be concluded that insertion is, at least, not a dominant mode of reaction.

1.2.2 Reaction of Mo(N[z~-Bu]Ar); (3) with bulky isocyanides.

On the dinitrogen activation pathway, initial binding of N, to molybdenum #ris-
amides’ is proposed to happen in an n' fashion*"™ In order to probe this step in small

T Most substrates bind n' to Mo(N[#-Bu)Ar)s, but dimethylcyanamide is a noteworthy exception.’'
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molecule activation, a simple model substrate was required. 1-Adamantylisocyanide
(AdNC), a bulky isocyanide, was selected. Reaction of Mo(N[¢-Bu]Ar); (3) with one or
more equivalents of AANC resulted in rapid formation of a 1:1 adduct (AdNC)Mo(N[z-
Bu]Ar); (3-AdNC). Compound 3-AdNC is a brown, crystalline solid with a solution
magnetic moment perr = 1.83 pp, corresponding to one unpaired electron. This species
has a strong infrared CN stretch ven = 1762 cm™. This is similar to Schrock’s
[N3NJMo(CN[#-Bu]) ([NsN]*~ = [(Me;SiNCH,CH,);NT*"), which has an IR band vey =
1838 cm™.*> The strong two-electron n-back bond from the n-basic molybdenum to the
isocyanide LUMO results in a reduction of the C-N bond order, explaining the lower
energy IR band compared to free AANC (2130 cm™).

Binding of a second equivalent of AANC to 3 was not observed even in the
presence of excess isocyanide. “H NMR was used to monitor the production of
paramagnetic products in the reaction of Mo(N[¢-Bu-ds]Ar); (3-dig)” with n equivalents
of AANC (n =0, 1, 10) in CsHs (Figure 1.2). Unreacted 3-d)g has a “H NMR resonance at
d = 65 ppm (Figure 1.2, bottom; addition of 0 equiv AANC). When one equivalent of
AdNC was added to 3-dg, one new product is formed with a “H NMR resonance at & =
9.9 ppm (Figure 1.2, middle). Subsequent addition of an excess of AANC resulted in no
further change of the ’H NMR spectrum (Figure 1.2, top). That only one equivalent of
this bulky ligand binds to 3 is consistent with previously published results.”*

Reaction of 3 with tert-butylisocyanide (+-BuNC) led to products analogous to
those formed in the AANC system. X-ray structure determination of (+~-BuNC)Mo(N[z-
Bu]Ar); (3-#-BuNC) (Figure 1.3) revealed a bent conformation of the isocyanide ligand
with a C4;—N4—Ca, angle of 137.8(7)° (Table 1.2). This C-N-C bond angle is similar to
that in (--BuNC)Re[N(CH,CH,S)3] (154.0(10)°)**** and (-BuCN)W[N;N¢] ([N;Nf>~ =
[(C6F5NCH2CH2)3N]3—; 132.2(10)").32 Deviations from linearity are generally attributed
to the degree of backbonding from metal to isocyanide ligand. Backbonding in the d°
system 3-£-BuNC is such that the plane perpendicular to the C4;-N4-Cs; plane is expected
to contain a back bond, while the unpaired electron resides in a molybdenum d-orbital
lying in the C41-N4-Cap plane.35 This backbond is reflected in ven for 3--BuNC (1759
cm™), at much lower frequency than free --BuNC (2145 cm™). Furthermore, the Mo—C
distance 1.936(6) A is in the range of a Mo—C double bond.*®* The coordinated
isocyanide C,—N distance is 1.184(8) A.**” Compound 3-#-BuNC is quite thermally
stable, but it began to slowly decompose via tert-butyl radical ejection from both the
isocyanide moiety and one N[#-Bu]Ar ligand at temperatures above 80 °C. This radical
ejection resulted in formation of a mixture of (NC)Mo(N[t-Bu]Ar);*® and (r-
BuNC)Mo(NAr)(N[z-Bu]Ar),, respectively.*

! For examples of 11* bound substrates on the Mo(N[i-Pr]Ar); fragment 2%

¥ Free +-BuNC has a NC bond length of between 1.166 and 1.184 A%’

17



75 65 55 45 35 25 15 5
ppm

Figure 1.2: Reaction of 3-d\z with n equivalents of AANC (n =0, 1, 10; bottom to top) as monitored by *H
NMR. Peak at 6 = 9.9 ppm (v, = 12.8 Hz) is assigned to 3-AdNC-d,s; peak at 5 = 65 ppm is assigned to 3-
d\g. Compound 3-(AdNC), was not observed.

Bond Lengths (4)
Mo(1)-C(41) 1.936(6) (1.918)
Mo(1)-N(1) 1.972(5) (1.975)
Mo(1)-N(2) 1.981(5) (1.959)
Mo(1)-N(3) 1.967(5) (1.941)
C(41)-N(4) 1.184(8) (1.228)
N(4)-C(42) 1.495(9)

Bond Angles (deg)

C(41)-Mo(1)-N(1) | 99.9(2)
C(41)-Mo(1)-N(2) | 99.6(2)
C(41)-Mo(1)-N(3) | 104.4(2)
Mo(1)-C(41)-N(4) | 174.2(5) (169.06)
C(41)-N(4)-C(42) | 137.8(7) (136.36)

Figure 1.3: X-ray crystal structure of 3-¢-

BuNC. Thermal ellipsoids are at the 50% Table 1.2: Selected bond lengths and angles for 3-¢-
: PTObablht}’ level. H){drogen atoms have BuNC. Calculated bond lengths and angles for (n'-
been omitted for clarity. Selected bond HNC)Mo(NHMe)(NH,), are shown parenthetically.

lengths and angles are listed in Table 2.
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1.2.3 Reaction of Mo(H)(nz-Me2C=NAr)(N[i-Pr]Ar)z (1) with bulky isocyanides.

Reaction of Mo(H)(nZ—MeZC=NAr)(N [i-Pr]Ar); (1) with 1 equiv AANC results in
rapid, irreversible formation of a 1:1 adduct, (AANC)Mo(N[i-Pr]Ar); (2-AdNC). This
compound is a brown, oily solid with an solution infrared band vey = 1718 ecm™. This
strong IR band is at lower frequency than that observed for 3-AdNC (vide supra),
consisteng*\zfoith a more significant backbonding interaction in the less-sterically crowded
complex.

In contrast to 3, compound 1 is capable of binding a second equivalent of AdNC.
Reaction of the deuterated variant Mo(H)(n*-(CD3),C=NAr)(N[i-Pr-ds]Ar); (1-dis)” with
n equivalents (n = 0, 1, 2, 10) of AINC in C¢Ds was monitored by H NMR
spectroscopy. After addition of slightly more than one equivalent of AANC, the broad
spectrum of 1-d;g (Figure 1.4, bottom) sharpened to a peak at 6 = 6.2 ppm (Avy, = 12.0
Hz). This peak was assigned to 2-AdNC-d\s. A small peak began to appear at § = 3.5
ppm (Avy, = 11.5 Hz), attributable to (AANC);Mo(N[i-Pr]Ar); (2-(AdNC),-d)g). This
peak continued to grow in upon addition of a second equivalent of AANC where it
reached a maximum. Addition of more than two equivalents of AINC resulted in no
further reaction (Figure 1.4, top). Formation of this 2:1 adduct was anticipated based on
previously published results.”""

7 6 B 4 3 2

ppm

10 9 8

Figure 1.4: Reaction of 1-d;3 with n equivalents of AINC (n =0, 1, 2, 10; bottom to top) as monitored by
’H NMR. The peak at § = 6.2 ppm (Avy, = 12.0 Hz) can be assigned to 2-AdNC-d,g; at 5= 3.5 ppm (Avy, =
11.5 Hz) to 2-(AdNC),-d)3.

** Compound 3 is electronically very similar to 2, as can be seen by a comparison of the CO stretching
frequencies in compounds 2-CO (1827 cm™)* and 3-CO (1840 cm™).** Small differences in the IR
stretching frequencies may be due to steric differences at the reaction site between the two compounds.
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Compound 2-(AdNC); is a purple, crystalline solid with an infrared band at 2035
cm”'. This agrees well with literature compounds displaying trans disposed isocyanide
ligands. For example, trans-(dppe):Mo(CNPh)(CN[z-Bu]) exhibits an infrared band at
2010 cm™ corresponding to the CN stretch of the tert-butylisocyanide ligand.*' The
solution magnetic moment (pesr) of 2-(AdNC), is 1.76 pp, corresponding to one unpaired
electron. When the second equivalent of isocyanide coordinates, it interacts with the d,2
orbital, raising that orbital’s energy and accounting for the presence of only one unpaired
electron. The other two filled d orbitals (xz and yz) in this adduct participate in a three-
center-two-electron bonding interaction, delocalized over Mo, C, and N in a backbonding
fashion. When 2-AdNC was heated at 65 °C for 24 h no substantive change was
observed by '"H NMR spectroscopy. However, heating of 2-(AdNC), under the same
conditions resulted in formation of 2-AdNC as observed by "H NMR spectroscopy with a
concomitant color change from purple to brown. These spectral changes imply that the
second equivalent of AANC is more weakly bound than the first. Indeed, a color change
from purple to brown and the UV-Vis and FTIR spectral changes can also be observed
when dilute solutions of 2-(AdNC), are prepared (vide infra).

An X-ray diffraction study revealed the solid state structure of 2-(AdNC), (Figure
1.5). The isocyanide ligands adopt a trans disposition, and the core geometry is
approximately trigonal bipyramidal. The N(i-Pr)Ar ligands are arranged in a pseudo-C;
configuration, thus optimizing lone pair donation from two of the amide ligands. The
AdNC ligands are close to linear (C-N-C: 173.9(11), 167.1(11)°), implying a reduction
in the degree of backbonding compared to 3-+-BuNC. The distances between the
molybdenum atom and the coordinated isocyanide ligands’ carbons are 2.135(11) and
2.083(11) A. This is similar to previously reported molybdenum-isocyanide single bond
lengths.***'  Furthermore, this Mo—C distance is longer by 0.17 A than the analogous
bond length in 3--BuNC, indication a reduction of Mo—C multiple bonding character.
The carbon-nitrogen bond lengths of the coordinated isocyanides are 1.153(12) and
1.153(13) A, which are the same as the C-N distance'’ in free aliphatic isocyanides
within experimental error.**

Table 1.3: Selected bond lengths and angles for 2-(AdNC),. Calculated bond lengths and angles for ('
HNC);Mo(NHMe)(NH,), are shown parenthetically.

Bond Lengths (4) Bond Angles (deg)
Mol1-N1  2.112(8) (1.988) | N1-Mol-C41 82.7(3) | Mol-C41-N4  175.9(9) (171.43)
Mol-N2  1.983(8) (1.984) | N2-Mo1-C41 90.7(4) | C41-N4-C42 173.9(11)
Mol-N3  1.990(8) (1.987) | N3-Mol1-C41 91.6(4) | Mol-C51-N5 176.7(10) (175.36)
Mo1-C41 2.135(11) (2.079) | N1-Mo1-C51 90.7(4) | C51-N5-C52 167.1(11)

Mol1-C51 2.083(11) (2.050) | N2-Mol-C51 94.7(4) | C51-Mol-C41  172.8(4) (178.10)
C41-N4  1.153(12) (1.201) | N3-Mo1-C51 90.8(4)
C51-N5  1.153(13) (1.209)

' Free MeNC has a NC bond length of 1.167 A as determined by microwave absorption spectroscopy.*?
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Figure 1.5: X-ray crystal structure of 2-(AdNC),. Thermal ellipsoids are at the 50% probability level.
Hydrogen atoms and a co-crystallized molecule of n-pentane have been omitted for clarity.

1.3 Stopped-Flow Kinetic Measurements

In collaboration with Drs. Elena Rybak-Akimova and Olga Kryatova at Tufts
University, stopped-flow UV-Vis spectrometry was utilized to distinguish between the
possible mechanistic pathways available for small molecule activation by 1 and 3. There
are several possibilities available for reaction of 1 with AdNC, including a pre-
equilibrium pathway (Scheme 1.2, Pathway A), an associative pathway (Scheme 1.2,
Pathway B), and a concerted pathway. The pre-equilibrium pathway would proceed
with initial formation of 2 from 1 (such that a small population of 2 is present in
solution), followed by complexation of AANC. In contrast, the associative pathway
would require initial coordination of AANC by 1, with subsequent reductive elimination
of the Mo-H bond. Finally, the concerted pathway would involve simultaneous
coordination and reductive elimination, perhaps proceeding via an agostic transition state.
An additional complexity is that 2-AdNC rapidly and reversibly binds a second
equivalent of AANC forming 2-AdNC,; as discussed above.

The simpler of the two systems to study is the reaction of 3 with AANC since no
gross ligand rearrangements are expected. This hypothesis is supported by structural
studies of 37 and small molecule activation products of 3 (including 3-+-BuNC, vide
supra),”?"** where the amide ligands maintain their integrity. However a spin change
occurs during the reaction from high spin (3, three unpaired electrons) to low spin (3-
AdNC, one unpaired electron).** In contrast, reaction of 1 (one unpaired electron) must
occur with reversible B-H elimination at some time along the reaction coordinate, but
does not necessarily require a spin-state change. Outlined herein is a strategy to probe
the mechanism by which molybdaziridine-hydride 1 permits access to the fris-amide
Mo(IlI) complex 2. In this strategy, the 1-to-2 dichotomy is investigated by comparison
to three-coordinate Mo(N[#-Bu]Ar); (3), which has no B-hydrogen atoms to eliminate.
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Scheme 1.2: Limiting mechanistic scenarios for reaction of Mo(H)(n’-Me,C=NAr)(N[i-Pr]Ar), (1) with
AdNC; L = N[i-Pr]Ar.
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Reactions between coordinatively unsaturated compounds 1 and 3 with AANC
proved to be rapid (color changes were immediately observed upon mixing the metal
species with isocyanide solutions), therefore reaction rates were studied by the stopped-
flow method with spectrophotometric registration. The spectral changes observed in the
stopped-flow experiments were identical to the spectral changes for these systems
observed in quartz cells with a conventional spectrophotometer. In most cases, the
reactions at room temperature were too rapid even for the stopped-flow methodology,
and accurate measurements of the reaction rates were only possible at low temperature.

1.3.1 Reaction of Mo(N[z-Bu]Ar); (3) with 1-adamantylisocyanide.

This reaction was studied by rapid scanning spectrometry in toluene solution over
the temperature range —80 to 25 °C using a broad concentration range of isocyanide (0.3
- 8 mM). A single process was observed under all studied conditions (Figure 1.6),
accompanied by growth of an absorption band with Amsx = 445 nm (¢ = 5800 M™'cm™).
These spectral changes are consistent with formation of a 1:1 adduct between 3 and
AdNC.
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The system containing equal concentrations of 3 and AANC gave kinetic traces
that were fitted to a second order kinetic equation (with mean standard deviation within
3%) (Figure 1.6, inset). In a separate series of experiments, a 10-fold excess of AdNC
was used, and kinetic traces (more than 5 half-lives) were fitted with a first-order kinetic
equation, suggesting that the reaction is first-order in 3. Indeed, varying the
concentration of 3 while keeping the concentration of AANC constant yielded identical
values of pseudo-first-order rate constant kqps, confirming that kqps is independent of the
concentration of 3, and the reaction rate depends on the first power of [3]. A plot of the
kobs vs. the initial concentration of AANC is a straight line with an intercept near zero
(Figure 1.7), indicating that the reaction is practically irreversible and is first order in
AdNC. Consequently, the reaction between 3 and AdNC is a second-order process (first
order in each reactant) in the broad temperature range from —80 °C to 25 °C (Equation 2).

v = kovs3[3] = k[3][AANC] 2)

The rate constants measured at different temPeratures under otherwise identical
conditions gave linear Arrhenius and Eyring plots.” The values of activation parameters
calculated from the data obtained under second-order conditions (equal concentrations of
both reactants) and pseudo-first order conditions (10 fold excess of AANC) are in a good
agreement: AHY=55405 kcal-mol’l, ASt=-15+4eu. In summary, the formation of
a monoadduct of 3 with AANC was found to be a rapid, low barrier, second order reaction
(first order in both reagents).

09
0.8

A@450nm

0 20 30 40 &8O
Time (s)

Absorbance

041

0.2}

0 £ X L
400 450 500 550 600

Wavelength (nm)

Figure 1.6: Time-resolved (2.5 s intervals) spectral changes and kinetic trace upon mixing 0.3 mM toluene
solutions of 3 and AdNC in a 1:1 ratio at —80 °C observed by stopped-flow spectrophotometry.
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Figure 1.7: Dependence of the observed pseudo-first-order rate constant on [AINC] for the reaction
between Mo(N[#-Bu]Ar); (3) and AINC in toluene at —60 °C. The initial concentration of 3 was 0.15 mM
(after mixing). A least-squares fit of the data gives an intercept of 0.86 s™ and a slope (corresponding to a
second-order rate constant) of 3270 M~'s™ with R? = 0.997.

1.3.2 Reaction of Mo(H)(Me,C=NAr)(N[i-Pr]Ar), (1) with 1-adamantylisocyanide.

The reaction between 1 and AANC is more complex than the analogous reaction
with 3. The observed spectral changes depended upon the concentration of AANC and on
temperature. At low temperature (-80 °C), an intense absorption band with Amax = 524
nm (¢ = 6600 M'cm™) and a shoulder at ca. 575 nm (¢ = 5100 M'cm™) appeared
(Figure 1.8). This spectrum is substantially different from the spectrum of 3-AdNC,
where a single maximum at 445 nm was observed (Figure 1.6). Stopped-flow “titration”
of 1 with AANC at —40 °C showed that absorbance from 525 to 575 nm doubles upon
increasing the 1:AdNC ratio from 1:1 to 1:2, and remains unchanged (within
experimental error) upon further increase in concentration of AANC. This result allowed
us to estimate the stoichiometry of AANC addition to 1 and indicated that a bis-adduct 2-
(AdNC); formed at low temperatures (-80 °C to —20 °C) and/or high concentration of
isocyanide. Spectral differences observed at various temperatures for the toluene solution
containing 0.15 mM of 1 and 0.3 mM of AdNC suggested reversibility of binding of the
second molecule of AANC to 1.

The equilibrium of AANC binding to 1 in toluene was further characterized by
conventional, room temperature, spectrophotometric titrations, which showed complete
formation of a 1:1 adduct followed by reversible addition of a second AANC (Scheme
1.2). The Kissoc for the first, nearly irreversible process could be estimated as K > 3 x
10° M.  The equilibrium constant for the second, reversible coordination was
calculated: K, = 4.5 x 10> M™'. In concentrated solutions (ca. 0.1 M), stoichiometric
AdNC (2 equiv) is sufficient for quantitative formation of 2-(AdNC),.
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Figure 1.8: Time-resolved (2.5 s intervals) spectral changes and a kinetic trace obtained upon mixing
toluene solutions of 1 (0.3 mM) and AANC (3 mM) in a 1:1 ratio in the stopped-flow apparatus at —80 °C.

Even though the reaction between 1 and AANC involves two processes, the
observed kinetics is fairly similar to the simple 1:1 adduct formation described above for
3-AdNC. Formation of the adduct from 1 and a 10-fold excess of AANC can be clearly
seen as a pseudo-first order process in the spectral window from 500 to 575 nm (Figure
1.8, inset; small absorbance changes below 500 nm gave rise to noisy kinetic traces).

The adduct formation rate increased substantially with an increase in AANC
concentration. At low temperature (—80 °C or —40 °C) the plot of the pseudo-first-order
rate constant, kops, vs. the initial concentration of AANC is a stfaight line with a small
intercept (0.014 at —80 °C (~1.5% of rate scale); —0.086 at —40 °C (~1% of rate scale)).
Similar results were obtained at 24 °C in single-wavelength (A =550 nm) experiments.'
These experiments confirmed that the rate limiting step is nearly irreversible and first
order in AANC.
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Figure 1.9: Dependence of the observed pseudo-first order constants on [AdNC] for the reaction between
Mo(H)(Me,C=NAr)(N[i-Pr]Ar), (1) and AdNC in toluene at different temperatures. In all cases the initial
concentration of 1 was 0.15 mM (after mixing). A least-squares fit of the data generated the following
intercepts and slopes (corresponding to a second-order rate constant): At —80 °C: 0.014, 240 M's™', R* =
0.998; At —40 °C: -0.086, 2080 M™'s™', R* = 0.998.
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The order in 1 was determined based on results of the dependence of observed
pseudo-first order rate constants from concentration of 1 under pseudo-first-order
conditions (excess AANC). The observed pseudo-first order rate constants did not
depend on the concentration of 1. The kinetic data suggest a second-order rate law for the
rate-limiting step of the reaction (Equation 3).

v = kopsi[1] = k[1][AdNC] ©)

The observed rate constants increased with temperature, yielding linear Arrhenius and
Eyring plots. The measurements were performed using various concentrations: a 1:1
molar ratio of 1 to AANC (second-order conditions), and a large excess of AdNC
(pseudo-first-order conditions). Virtually identical values for the activation parameters
were obtained under all conditions studied: AH* =4.5+ 0.5 kcal'mol™, AS* = 24 + 4 eu.

The kinetic data, taken together, indicate that the binding of the first equivalent of
AdNC (Concerted reaction, Scheme 1.2) is the rate-limiting step with the binding of the
second equivalent (Equilibrium coordination) being faster. The rate-limiting step, an
addition of the first AANC ligand to 1, is practically irreversible, as evidenced by a zero
intercept of the plots of kops vs. [AANC]. The rate law and the kinetic parameters
(second-order rate constants and activation enthalpies and entropies) do not depend on
the stoichiometry of the reaction mixture, also suggesting that the rate-limiting step does
not change upon increase in AANC concentration. The spectral changes, however, are
consistent with a bis-adduct formation at high concentrations of AANC. This observation
agrees with the observed kinetics if the addition of a second monodentate ligand is a
rapid process.
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Figure 1.10: Eyring plot for the reaction of Mo(H)(Me,C=NAr)(N[i~Pr]Ar), (1) (sqaures) and
Mo(D)(Me,C=NAr)(N[i-Pr-d,}Ar), (1-d;) (triangles) with AANC in toluene. The data were obtained under
pseudo-first-order conditions: ¢(1, 1-d;) = 0.15 mM, ¢(AdNC) = 1.5 mM. Activation parameters for
Mo(H) (AH! = +4.5 + 0.5 kcal'mol™, AS* = —24 + 4 eu) agree within experimental error with those for
Mo(D) (AH* = 4.6 + 0.5 kcal'mol™', AS* = 23 + 4 eu).
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1.3.3 Reaction between deuterated complex 1-d3 and AdANC.

Use of 1-d;, where deuterium atoms have been incorporated into the methine
position of the ligand iso-propyl group, has allowed us to probe the existence of a kinetic
isotope effect. If Mo—H(D) bond breaking were the rate-limiting step in isocyanide
coordination, then a primary kinetic isotope effect would be expected when 1-d; is
utilized. The reaction between 1-d3 and excess AMNC was studied by rapid scanning
stopped-flow spectrophotometry as a function of temperature (from —80 to 20 °C). The
spectral changes observed were identical to those observed previously for the reaction
between 1 and AANC. The rates of the reactions of AANC with 1 and 1-d5 at the same
temperatures were nearly identical (deviations within 8%), and Eyring plots yielded very
similar values for the activation parameters (Figure 1.10). Therefore, there is no
detectable isotope effect in this system.

1.3.4 Mechanistic considerations.

The major reaction pathways for adding one molecule of AINC to 1 are depicted in
Scheme 2. For complex 3 bearing fert-butyl alkyl substituents, molybdaziridine-hydride
cannot form, and the reaction scheme simplifies to the reaction depicted in Scheme 1.3.
The experimentally observed second-order rate law and activation parameters for this
reaction (AH* = 5.5 + 0.5 kecal'mol™, ASt = -15+ 4 eu) are consistent with a bimolecular
transition state involving a simple assoc1at1ve addition at a crowded center. These data
provide a basis for comparison to the reaction of 1 with AdANC.

For complex 1, the addition of one molecule of AANC could occur, as discussed
above (Scheme 1.2, Pathway A), by initial rate determining conversion to 2. The second
order rate law dependence on incoming AdNC rules out that possibility. A more
plausible scenario would be a rapid pre-equilibrium between 1 and 2 (Pre-equilibrium,

K.q) followed by slower trapping of 2 by AANC (Complexation, k;). However, three
additional pleces of evidence argue against Pathway A. First, previously reported “H
NMR studies”® demonstrated that high temperatures (ca. 70 °C) were necessary for
coalescence of deuterium atoms bound to Mo and those on the isopropyl groups of the
amides (methine position). Rapid equilibration at the low temperatures utilized in the
stopped flow experiments therefore seems unlikely. Furthermore, such an equilibrium
would be expected to display an inverse equilibrium isotope effect,” where the 1-d;
reacted at a faster rate than 1. However, rates of reaction and activation parameters are
identical within experimental error.
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Scheme 1.3: Reaction of Mo(N[¢-Bu]Ar); (3) with AANC; L? = N[#-Bu]Ar.
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Finally, if rapid pre-equilibrium kinetics were followed, the derived rate law
would resemble that shown in Equation 4:

V= kobs(A)[I][AdNC], kobs(A) = Keqk3, A]'[:l:cﬂ:'s(A) = AIioeq + AHIB (4)

The observed enthalpy of activation would be a sum of the reaction enthalpies for the
molybdaziridine-hydride rearrangement (AH°eq) and an activation enthalpy of AdANC
addition to the three-coordinate complex 2 (AH*;). Comparative activation parameters as
well as enthalpies of reaction for reaction of 1 and 3 with AINC are summarized in Table
1.4. Thermochemical data and theoretical calculations (vide infra) indicate that (AH )
is expected to be on the order of 5 kcal'mol™ for this reaction. This implies a value for
AR} 3 near zero, which is not reasonable.

Based on these observations we find no evidence that reaction of 1 with AANC
proceeds via complex 2 as shown in Pathway A of Scheme 1.2, and it can be concluded
that reaction occurs via the associative Pathway B. This pathway yields the observed
second-order rate law (i.e., for the rate-limiting Coordination step, Equation 5).

kobs(s) = ka, AHYops() = AH, %)

The lack of kinetic isotope effect and the values of activation and thermodynamic
parameters also favor pathway B.H

1+ AdNC | 3+ AdNC
AH* (kcal'mol™) | 4.5+0.5 | 55+0.5
AS* (eu) 24 +4 -15+4
AH,,, (kcal'mol™) | =24.6 £ 0.5 | —29.1£ 0.5

Table 1.4: Activation parameters and reaction enthalpy for reactions of one equivalent of AANC with
molybdaziridine-hydride (1, Scheme 1.2) and Mo(N[#Bu]Ar); (3, Scheme 1.3).

# We cannot unambiguously distinguish between the A mechanism (that involves a six-coordinate
intermediate) and the I, (associative interchange) mechanism that proceeds through a six-coordinate
transition state.
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When comparing the activation parameters in Table 1.4, it can be seen that the
reaction of AANC with 1 has a significantly more negative entropy of activation than
does the analogous reaction with 3. This is consistent with a more precise orientation of
the incoming monodentate ligand for its coordination at the sixth available site in
molybdaziridine-hydride 1. The enthalpies of activation are comparable, with that of 3
slightly more negative than that of 1.

Even though the reactions between 1 or 3 with AANC are complete within
seconds, and their second-order rate constants are high (1.2x10* and 3x10° M7's™",
respectively, at 25 °C), these processes are several orders of magnitude slower than the
diffusion limit. In contrast, reactions at sterically unhindered coordination sites that do
not require steric or electronic reorganization are much faster. For example, a rate
constant of 10"* M™'s™" was reported for CO addition to Cr(CO)s in the gas phase,46 and
the rate constant for CO addition to [IrCl(PPhs),] at room temperature was found to be
2.7x10* M™'s™" in benzene solution at room temperature.’ Similarly, the rate constants
for small molecule binding to vacant coordination sites in hemoproteins and their models
approach the diffusion limit and often equal to 10® - 10° Mg~ 4830

1.4 Thermochemistry

In collaboration with Dr. Carl Hoff and Eric McDonough at University of Miami,
a thermochemical investigation of the systems outlined herein was completed. The
enthalpies of binding of the first mole of AANC to 1 and to 3 (with all species in toluene
solution) are AH = —24.6 + 0.5 kcal'mol™ and AH = —29.1 + 0.4 kcal'mol™, respectively
(Table 1.4), as determined by solution calorimetry. These values correspond to the
formal definition of the molybdenum-isocyanide bond strengths for the two complexes.
Differences in the enthalpies of binding of AANC can be used to derive an estimate for
the enthalpy of the 2 to 1 tautomerization. The enthalpy of transfer of the isocyanide
ligand from 2-AdNC to 3, generating 3-AdNC and 1, is shown at the bottom of Scheme
1.4 and is calculated from direct measurements (from solid AANC) to be —4.5 + 0.3
kcal'mol™.*! This will equal the sum of the three steps in the upper cycle of Scheme 4:
BDE; adnc + AHz—1 — BDE;s.agnc = —4.5 keal'mol™ (BDE = bond dissociation energy).
Provided BDE;.aanc is approximately equal to BDEj3 agnc, these two terms cancel and it
is reasonable to assign AH = —4.5 kcal'‘mol™ to the 2 to 1 tautomerization.

It is possible that oxidative addition of the anilide ligand N[i-Pr]Ar may be
slightly more exothermic than this first estimate. The lower CN stretching frequency of
2-AdNC (ven = 1718 em™) compared to 3-AdNC (ven = 1762 cm™") appears to indicate
(presumably for steric reasons) that the 2-AdNC bonding interaction may be slightly
stronger than that in 3-AdNC. There is no simple correlation between this vibration and
the relative AANC—-Mo bond strengths; however it is reasonable to conclude that 2 to 1
tautomerization is exothermic by 5 + 2 kcal-mol™.

That molybdaziridine-hydride 1 is thermodynamically downhill from its tautomer
2 supports kinetic studies preferring Pathway B over A in Scheme 1.2. The observed
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activation energy of 4.5 £ 0.4 mol in Table 4 overlaps within experimental error the 5 + 2
kcal'mol™ derived ground state enthalpy difference for 1 — 2. If the reaction proceeded
via Pathway A, it would therefore require no barrier to oxidative addition of the C-H
bond and no barrier to addition of AANC to 2. Neither of these is reasonable and all data
(kinetic as well as thermodynamic) support Pathway B of Scheme 1.2.

That 2 is not observed at room temperature® is consistent with the value of -5 + 2
kcal-mol™! for AH,_,;. The exothermic nature of this cyclometallation is in accord with
an unfavorable entropic component due to restricted rotation in the molybdaziridine-
hydride. Recent theoretical work by Milstein and coworkers®® on cycloaddition reactions
of C-H and C-C bonds has indicated unfavorable —TAS terms on the order of 2
kcal'mol™ that must be overcome for cycloadditions. A room temperature estimate of
AGi_3 = 3 kcal'mol™ is consistent with the failure to observe 2 directly and with the
aforementioned observation of high temperature coalescence in NMR studies.”® On the
other hand if the intramolecular oxidative addition were more exothermic than 5
keal-mol™, oxidative addition of external H-H or C—H bonds might be expected to occur
if steric factors did not preclude this. Activation of hydrocarbons, for example, does not
occur. Therefore, the estimate of the oxidative addition appears reasonable in terms of
these observations.

Scheme 1.4: Thermochemical cycle for estimation of the enthalpy of oxidative addition of the C—H bond
of 2 to form 1; L = N[i-Pr]Ar, L? = N[t-Bu]Ar.
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In contrast to rapid and irreversible binding of the first mole of AANC to 1, the
second mole of AANC adds rapidly but the reaction is reversible. Direct measurement of
the enthalpy of binding of AANC to 2-AdNC yielded AH = —~10.3 + 0.5 kcal'mol™ in
toluene solution. In spite of this relatively low value, FTIR data' indicate that, at room
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temperature and 0.1 to 0.001 M concentration range, there is little dissociation of 2-
(AdNC), to 2-AdNC and AANC. It is estimated based on these data that, at room
temperature, Keq for binding of AANC to 2-AdNC is greater than 5x10°, in reasonable
agreement with UV-Vis estimates discussed earlier. These data imply that the
unfavorable TAS of binding of the second mole of AANC is at least —5.3 kcal'mol™ at
room temperature. This value lS not as large as values typically observed for ligand
binding reactions (~10 kcal'mol™). This may be due to a more disordered structure of the
bis adduct 2-(AdNC), compared to the mono adduct 2-AdNC. The low value for the
second enthalpy of binding of AANC to 1 also explains the failure of 3 to bind a second
mole of AANC even in the presence of 10-fold excess. The binding of the second mole of
isocyanide occurs not only with increased steric pressure at the binding site, but with a
concomitant reduction in the Mo-CNAd bond order of the trans isocyanide.

1.5 Isocyanide Exchange and Comproportionation Reactions

The enthalpic preference of ca. 5 kcal'mol™ for binding of AINC to 3 compared
to 1 prompted investigation of the exchange reaction (Equation 6):

2-AdNC + 3 — 1 + 3-AdNC (6)

While it was anticipated that the reaction shown in Equation 6 would proceed as shown,
the reverse reaction was also attempted. Reactions momtored after several days at room
temperature showed no sign of exchange in either direction.! Since kinetic data showed
_ that trapping of AANC by 3 is faster than trapping by 1, it can be concluded that
dissociation of isocyanides from the 1:1 adducts occurs at a negligible rate at room
temperature.

In contrast, dissociation of AANC from the bis adduct 2-(AdNC), occurs at a
much faster rate The enthalpy of binding of a second mole of AdNC to 2-AdNC is ca.
15 kcal'mol™ lower than the first mole, thus, the rate increase can be anticipated.
Stopped flow kinetic studies' of the comproportlonatlon reaction between 2-AdNC; and 1
are interpreted in terms of the mechanism in Equation 7, which is a combination of
Pathway B and the equilibrium coordination reaction (Scheme 1.2).

k~1 k2
2-(AdNC), S 2-AdNC + AANC + 1 — 2 2-AdNC @)
ki

This reaction is rapid at room temperature, and its rate constants (ky, k-1, and k,) could not
be unequivocally resolved even at low temperature. Nevertheless, the following
semiquantitative observations could be made: (1) Temperature dependence studies
revealed an overall enthalpy of activation of ca. 9 kcal-mol™ indicating that dissociation
of AANC from 2-(AdNC), plays a key role in the mechanism; (2) The rate of binding of
AdNC, surprisingly, was roughly equivalent for 1 and for 2-AdNC (i.e. k = k).
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The observation of near-quantitative binding of the second mole of AINC to 2-
AdNC at low temperatures led to attempts to determine whether 3--BuNC would add a
second equivalent of isocyanide at low temperature in concentrated solution:

3-£BuNC + #BuNC & 3-(+-BuNC), (8)

However, even when 3 was dissolved in 3M #BuNC in toluene at ca. —50 °C, no
formation of a 2:1 adduct was observed by FT-IR spectroscopy. Isocyanide exchange
reactions are observed for 3-AdNC and 3-#-BuNC (vide infra), and this must be due to
thermodynamic instability of the bis adduct of 3. Spectroscopic data allow the
conservative estimate that Ke, for Equation 8 is less than 0.033 M™' at 293 K. The
analogous binding of AANC by 2-AdNC has a K.q of 4,500 M™. The difference in
binding constants of five orders of magnitude for the second mole of isocyanide
corresponds at room temperature to a free energy difference of > 6 kcal'mol™. This is a
reasonable lower bound for the “steric pressure” that would be generated if the ligands’
isopropyl groups are replaced by tert-butyl groups.

In spite of thermodynamic instability, there is kinetic evidence that suggests 3-
(AANC)(t-BuNC) is a viable intermediate in isocyanide exchange. Small differences in
the FTIR band shapes of 3-AdNC and 3--BuNC and the free isocyanides AANC and ¢-
BuNC allowed study of the equilibrium reaction shown in Equation 9:

3--BuNC + AANC S 3-AdNC + +BuNC ®

At room temperature and in dilute solution, this equilibrium is established within
minutes. The equilibrium constant is approximately 1, and the reaction can be
approached from either side.! Because bound isocyanide dissociates very slowly from 3-
AdNC and 3--BuNC (vide supra), a dissociative exchange mechanism can be excluded
and we assume a mechanism similar to that shown in Scheme 1.5.

Scheme 1.5: Formation of 3--BuNC from 3-AdNC via an associative mechanism.
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Quantitative kinetic study of this reaction was not made, but it is several orders of
magnitude slower than any of the steps in the comproportionation reaction mechanism
shown in Equation 7. The much slower rate of the reaction (Equation 9) is primarily
attributed to slower uptake of a second isocyanide to form the five-coordinate
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intermediate 3-(AdNC)(s-BuNC), which is estimated be at least 6 kcal'mol™ less stable
than 2-(AdNC),. This result indicates a reason for the rare observation of n2 or bis
compounds of 3,’**! implicated in base-catalyzed N, cleavage by 1 and 3.

1.6 Theoretical Calculations

Density functional theory calculations have been effectively used to elucidate
bonding in a variety of molybdenum fris-amide complexes. 3?4953 Relatively large
N(z-Bu)Ar ligands were effectively approximated by the much smaller NHMe and NH,
ligands, and the bulky 1-adamantyl group was simplified to H. Therefore, we
investigated computationally the compounds Mo(NHMe)(NH,),, Mo(H)(nz-
H2C=NH)(NH2)2, (T]I-I‘INC)MO(NHz)3, and (nl-HNC)zMO(NHz):;. The spin-
unrestricted, all-electron calculations focused on obtaining good agreement between
calculated and experimental geometries, and on an investigation of the molecular orbitals
and their relative energies with specific concern paid to the spin states of the fragments.
Binding of AANC to 2 or 3 involves spin change from a quartet to a doublet ground
electronic state.”**® In contrast, binding of AINC to 1 does not involve spin change
since both reactant and product have been shown to have doublet ground states.
However the latter reaction involves, at some point, conversion of the molybdaziridine
hydride form (1) to the tris-amide form (2).

Geometry optimization of the tautomers Mo(H)(n>-H,C=NH)(NH), and
Mo(NHMe)(NH;), revealed structural parameters that agree well with X-ray
crystallographically determined structures of 1’ and 3.2 For molybdaziridine-hydride,
the experimentally (theoretically) determined parameters are as follows: Mo—H, 1.69(5)
(1.675); Mo—C(imine), 2.18(2) (2.153); Mo—N(imine), 1.93(2) (2.009); Mo—N(amide),
1.93(2) (1.947) and 2.02(2) (1.951) A. Similarly, for the tris-amide species
Mo(NHMe)(NH;),, the experimentally (theoretically) determined parameters are as
follows: Mo—N(unique), 1.960(7) (1.965); Mo-N, 1.964(7) (1.976) and 1.977(7) (1.978)
A. An orbital energy level diagram is shown in Figure 1.15. For the molybdaziridine-
hydride model (Figure 1.15, far left), the three highest energy occupied orbitals are the
unpaired electron (SOMO) and the backbond from the metal to the nz-imine functionality
(HOMO-1, HOMO-2). In three-coordinate Mo(NHMe)(NH;),, the highest-occupied
molecular orbitals are three singly occupied d orbitals (dx,, dy,, and d,2). The HOMO-
LUMO gap in the former compound is slightly smaller than that in the latter, but the
overall bonding energies indicate that Mo(H)(nZ—H2C=NH)(NH2)2 is about 1 + 2
kcal'mol™’ more stable than Mo(NHMe)(NH,), (Figure 1.15, bottom). This value
indicates that the two species are almost isoenergetic. Consequently, the opening of the
molybdaziridine-hydride should be a relatively low-energy process, in agreement with
experimental results (vide supra).
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Figure 1.11: One-electron molecular orbitals of Mo(H)(n-H,CNH)(NH,),. Top, left to right: LUMO-3,
LUMO+2, LUMO+1, LUMO. Bottom, left to right: HOMO, HOMO-1, HOMO-2, HOMO-3.

Figure 1.12: One-electron molecular orbitals of Mo(NHMe)(NH,),. Top, left to right: LUMO+3,
LUMO+2, LUMO+1, LUMO. Bottom, left to right: HOMO, HOMO-1, HOMO-2, HOMO-3.

Figure 1.13: One-electron molecular orbitals of (n'-HNC)Mo(NHMe)(NH,),. Top, left to right:
LUMO+3, LUMO+2, LUMO+1, LUMO. Bottom, left to right: HOMO, HOMO-1, HOMO-2, HOMO-3.
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Figure 1.14: One-electron molecular orbitals of (n'-HNC),Mo(NHMe)(NH,),. Top, left to right:
LUMO+3, LUMO+2, LUMO+1, LUMO. Bottom, left to right: HOMO, HOMO-1, HOMO—4, HOMO-5.

Utilizing the same amido ligand set as discussed above, geometry optimization of
(n'-HNC)Mo(NHMe)(NH,), was carried out with no symmetry constraints. The Mo~C
distance was computed to be 1.918 A, just slightly longer than a typical Mo—C double
bond distance (ca. 1.88 A) in Schrock-type carbene complexes of molybdenum.***” The
calculated value is slightly shorter than the experimentally determined value for the
Mo-C distance in 3--BuNC, 1.936(6) A (Figure 1.3). This is likely due to the steric
constraints imposed by the N(z-Bu)Ar ligands in the synthetic system compared to the
reduced steric bulk of NH, ligands in the computational system. Approximate C—N
double bond character is indicated by the bend C-N-H bond angle of 139°
(experimental, 137.8(7)°), as well as by the C-N distance of 1.223 A (experimental,
1.184(8) A). Subsequently, a spin unrestricted calculation was carried out on the d'
complex and the orbitals were examined. The conformation of the three amide ligands in
the complex is such that two of the lone pairs are directed perpendicular to the Mo—-C
vector, while one is parallel. That the computed structure corresponds to a minimum on
the potential energy surface was confirmed via a frequencies calculation; there were no
imaginary frequencies and the most intense vibrational band (vcn) was predicted to occur
at 1802 cm™'. This value agrees well with the experimental values reported above for 2-
AdNC (1718 cm™), 3-AdNC (1762 cm™), and the -BuNC analogs.
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Figure 1.15: (Top) Calculated molecular orbitals of Mo(H)(n*-H,C=NH)(NH,), (Mo(H)),
Mo(NHMe)(NH,), (MoLs), (HNC)Mo(NHMe)(NH,), ((HNC)MoL;), and (HNC),Mo(NHMe)(NH,),
((HNC);MoL;). Dashed lines connect the LUMOs (top) and the three highest occupied molecular orbitals.
(Bottom) Calculated total bonding energy comparison. Each energy level depicts a system with the same
formula.
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The unpaired electron of (n'-HNC)Mo(NHMe)(NH,), lies in the same plane as
the nitrogen lone pair p orbital on the unique amide ligand (Figure 1.13). The unpaired
electron is, therefore, antibonding with respect to the lone pair of electrons on the unique
amide ligand. At the same time, it is weakly back-bonding with respect to the isocyanide
LUMO. A two-electron back bond is in place involving the other two formal d electrons
and the second component of the isocyanide LUMO. The two-electron back bond is at
lower energy than the one-electron back bond because it experiences minimal repulsive
effects from amide lone pairs.

Geometry optimization with no symmetry constraints and a spin-unrestricted
calculation were completed on (1]’-HNC)2M0(NHMe)(NH2)2 (Figure 1.14). The
calculated bond distances agreed well with the experimentally determined distances
(Figure 1.5). For example, the Mo—C distances were computed to be 2.079 and 2.050 A,
while the distances from the X-ray crystal structure are 2.135(11) and 2.083(11) A. Like
in the previously discussed 1:1 adduct, the HOMO represents a backbond to the
isocyanide ligands.

1.7 Conclusions

Thermochemical cycles, together with DFT calculations, suggest that
tautomerization of molybdaziridine-hydride 1 to three-coordinate Mo(N[i-Pr]Ar); (2) is
identified with a small reaction enthalpy of ca. +5 kcal'mol™. Nonetheless, failure to
observe a kinetic isotope effect (either primary or inverse) in reaction of molybdaziridine-
deuteride 1-d; with AANC, the rate law, and the activation parameters all support
associative attack of AANC on 1 rather than any requirement of prior conversion to 2.

The important role that ancillary ligands can play in determining reactivity was
also demonstrated in the fact that 1 reversibly binds a second equivalent of isocyanide
whereas 3 could not be observed to do so even in concentrated solution at low
temperature. The crystal structures of 3-#~-BuNC and 1-(AdNC), reported here, as well as
data on enthalpy and entropy of binding of the second mole of AANC provide a good
entry to further understanding of ligand binding in these sterically congested but low-
coordinate systems.

Isolable coordinatively unsaturated metal complexes such as 3 have afforded
remarkable new small-molecule transformations.”®'**#5% Comparative reactivity and
mechanistic studies are making increasingly clear the fact that coordinative unsaturation
in a starting metal complex is not an absolute requirement for the type of small molecule
activation processes exemplified by dinitrogen binding and subsequent scission. On the
contrary, reversible intramolecular elements of stabilization, from agostic stabilization®
to near-thermoneutral cyclometalation as seen here,”® may be employed as design
elements in the synthesis of new reactive motifs.*’
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1.8 Future Directions

As was discovered by Tsai, et al., Mo(VI) alkylidynes supported by N-iso-
propylanilido ligands are valuable precursors to alkyne metathesis catalysts via
alcoholysis.? These alkylidynes are synthesized in several steps. First,
trimethylsilylacetylene is added to 1, to which it coordinates in an n* fashion. This is
followed by oxidation using iodine, deprotonation using [Li][BHEt;], and thermolysis at
80 °C for 12 h. A potentially more rapid synthetic route to Mo(VI) alkylidynes supported
by N-iso-propylanilido ligands may be found in this isocyanide chemistry. Initial results
indicate that isocyanide adduct 2-ANC may be a precursor to desirable
aminocarbynes® "®* comparable to those molecules mentioned above. Aminoalkylidynes
have also been documented to intermolecularly couple to form 1,2-diaminoalkynes, to
insert alkynes, and to act as sources of amine.®’

Scheme 1.6: Synthesis of an aminoalkylidyne from 2-AdNC.
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This chemistry was hinted at by the electrochemistry of 2-AdNC, 3-AdNC, and 2-
(AdANC),. Adduct 3-AdNC displayed a quasireversible reduction wave at —~1.90 V and a
quasireversible oxidation wave at —0.82 V. The electrochemical analysis of the less
bulky iso-propyl system is not as straightforward due to thc significant equilibrium
formation of 2-AdNC from 2-(AdNC),. However, what can be seen is an easily
chemically accessible reduction wave. Accordingly, the 1:1 adduct 2-AdNC is
susceptible to reduction via sodium amalgam to form a monoanion
[Na(THF)x][AAN-C=Mo(N[i-Pr]Ar);]. This orange-red compound crystallizes from cold
diethyl ether. Neutral aminoalkylidynes can also be achieved in a “reverse” method. N-
Adamantyl-N-methylaminomethylidyne is synthesized via addition of methyl iodide to 2-
AdNC followed by reduction (Scheme 1.6).
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Figure 1.16: Electrochemical traces of 3-AdNC (top), 2-AdNC (middle), and 2-(AdNC), (bottom).

1.9 Experimental Section
1.9.1 General Considerations: Synthesis and Characterization.

Unless stated otherwise, all operations were performed in a Vacuum Atmospheres
drybox under an atmosphere of purified nitrogen or using Schlenk techniques under an
argon atmosphere. Diethyl ether, toluene, benzene, pentane, and n-hexane were dried
and deoxygenated by the method of Grubbs.®> THF was distilled under nitrogen from
purple sodium benzophenone ketyl. Benzene-ds was purchased from Cambridge Isotope
Laboratory, was degassed, and was dried over 4 A sieves. Alumina, Celite, and 4 A
sieves were dried in vacuo overnight at a temperature above 200 °C Mo(H)(n -
Me,C=NAr)(N[i-Pr]Ar),, > Mo(D)(n —MeZC—NAr)(N[z -Pr-d;]Ar),,” Mo(H)(n -
(CD3),C=NAD(N[i-Pr-ds]Ar),,> Mo(N[t-Bu]Ar)s,"* Mo(N[t-Bu-ds]Ar);,” and 1-
adamantylisocyanide®® were synthesized according to literature procedures.
MoCl3(THF); was synthesized by a newly modified procedure (see Appendix 1). 1-
Adamantylisocyanide was sublimed before use. Other chemicals were used as received.
Solution infrared spectra were recorded on a Perkin-Elmer 1600 Series FTIR using KBr
plates. 'H and *C NMR spectra were recorded on Varian XL-300, Varian Mercury-
300, or Varian INOVA-501 spectrometers at room temperature. Chemical shifts are
reported with respect to internal residual benzene (7.15 and 128.38 (t) ppm). C, H, and N
analyses were performed by H. Kolbe Mikroanalytisches Laboratorium (Miilheim,
Germany).

3 N-tert-Butyl-3,5-dimethylaniline was synthesized via an improved procedure.”'
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1.9.2 Preparation of Complexes

Synthesis of (1)%-(D3C);C=NAr)Mo(N[i-Pr-ds]Ar); (2-(n’-imine)-dz¢). To an orange-
brown solution of Mo(H)(n*-Me,C=NAr)(N[i-Pr-ds]Ar)s (1.262 g, 2.10 mmol) in 6 mL
diethyl ether were added 2 mL of a colorless solution of imine (D3;C),C=NAr (0.345 g,
2.14 mmol, 1 equiv). Upon mixing, the solution became blue. After stirring for 1 h, the
solvent was removed in vacuo. The residue was extracted with pentane and the product
recrystallized at —35 °C (0.718 g, 0.935 mmol, 44.5 %). 'H NMR (500 MHz, CsDg): & =
7.79 (Avy, = 1100 Hz), 4.918 (Avy, = 290 Hz), 3.116 (Avy, = 88 Hz), 1.191 (Avy, = 56 Hz),
0.572 (Avy, = 317 Hz) ppm. “H NMR (77 MHz, Et;0): & = 10.69 (Avy, = 65 Hz), 7.46
(Avy, = 17 Hz), 5.21 (Avy, = 9.8 Hz), ca. —19 ppm. Anal. Caled. for C44H39D2sNsMo: C,
68.81; H, 8.27; N, 7.29. Found: C, 69.08; H, 8.51; N, 7.29.

Oxidation of (nz-Me2C=NAr)Mo(N[i-Pr-dﬁlAr);;. A cold (=35 °C), blue,
tetrahydrofuran solution of 2-(n2-imine)-dlg (0.145 g, 0.192 mmol) was added to cold,
solid silver triflate (0.053 g, 0.205 mmol). The reaction was allowed to stir for 20
minutes and warm to room temperature. At that time, the brown solution was filtered
through Celite and the solvent was removed in vacuo. The product was recrystallized
from a mixture of pentane and tetrahydrofuran. 'H NMR (C¢Dg, 300 MHz): & = 6.61 (s,
1H, imine para), 6.56 (s, 3H, para), 6.47 (s, 6H, ortho), 6.45 (s, 2H, imine ortho), 4.38
(br s, 3H, methine), 2.16 (s, 6H, imine aryl methyl), 2.11 (s, 18H, aryl methyl), 1.91 (s,
3H, imine methyl), 1.45 (s, 3H, imine methyl) ppm. '°’F NMR (C¢Ds, 282 MHz): & =
~717.2 ppm.

Synthesis of (1-AdNC)Mo(N[i-Pr]Ar); (2-AdNC). To an orange-brown solution of
1.334 g of Mo(H)(n*-Me,C=NAr)(N[i-Pr]Ar); (2.289 mmol) in 5 mL Et,0 were added 3
mL of a colorless solution of AANC (0.369 g, 2.292 mmol, 1 equiv). Upon mixing of the
two solutions at 20 °C, the reaction mixture became green-brown. After stirring for 1 h,
the solvent was removed in vacuo to yield an oily brown product. 'H NMR (500 MHz,
CsDg): & = 18.14, 12.12 (i-Pr methyl), 6.65, 1.96, 1.66, 1.42, —8.68 ppm. *H NMR (77
MHz, Et,0): 6 =6.21 ppm. IR (E;0, KBr): 1718 cm™.

Synthesis of (1-AdNC);Mo(N[i-Pr]Ar); (2-(AdNC);). To an orange-brown solution of
2.775 g Mo(H)(n*-Me,C=NAr)(N[i-Pr]Ar), (4.759 mmol) in 20 mL Et,0 were added 5
mL of a colorless solution of AANC (1.530 g, 9.501 mmol, 2 equiv). Upon mixing of the
two solutions at 20 °C, the reaction mixture became purple. After 1 h, the solvent was
removed in vacuo and the resulting solid was recrystallized from cold Et,O to yield
3.4271 g of purple crystals (79.7%). 'H NMR (500 MHz, C¢D¢): & = 18.00, 6.9, 4.14,
2.07, 1.74, —0.12, —2.23, —8.59, —11.76 ppm. *H NMR (77 MHz, Et,0): & = 3.5 ppm
(Avy, = 11.5 Hz). pegr = 1.59 pp (Evans’ Method, C¢Dsg, 20 °C). IR (Et,O, KBr): 2035
cm™'. Anal. Caled. for CssHssNsMo: C, 72.98; H, 8.68; N, 7.73. Found: C, 72.73; H,
8.82; N, 7.65.

Synthesis of (1-AANC)Mo(N[-Bu]Ar); (3-AdNC). To an orange solution of 1.566 g of
Mo(N[z-Bu]Ar); (2.505 mmol) in 10 mL Et,0 were added 5 mL of a colorless Et,0
solution of AANC (0.404 g, 2.507 mmol, 1 equiv). The brown-orange reaction mixture
was stirred at 20 °C for 90 min, and then the solvent was removed in vacuo.
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Crystallization from cold Et,O yielded red-brown needles (1.229 g, 62.4 %). 'H NMR
(500 MHz, C¢Ds): & = 28.42, 16.75, 10.42, 3.40, 1.63, —7.64, —7.93, —18.50 ppm. °H
NMR (77 MHz, Et,0): &= 9.9 ppm (Avy, = 12.8 Hz). IR (Et;0, KBr): 1762 cm™. peg=
1.83 pp (Evans’ method, C¢Ds, 20 °C). Anal. Calcd. for C47HeoNsMo: C, 71.81; H, 8.84;
N, 7.12. Found: C, 70.94; H, 8.68; N, 7.00.

Synthesis of (¢-BuNC)Mo(N[z-Bu]Ar); (3-¢-BuNC). To an orange-brown solution of
2.732 g of Mo(N[¢-Bu]Ar); (4.371 mmol) in 10 mL of pentane was added a solution of ¢-
BuNC (0.375 g, 4.371 mmol, 1.0 equiv) in 5 mL of pentane. The solution was stirred for
one hour at room temperature, at which time the reaction mixture was filtered through a
fine frit and 1.926 g of spectroscopically pure brown powder was isolated. The filtrate
was dried in vacuo, redissolved in approximately 10 mL of pentane, and a second crop of
orange-brown, crystalline product was recrystallized at —35 °C (2.676 g (overall), 3.780
mmol, 86.4 %). 'H NMR (Ce¢Ds, 500 MHz): & = 11.43 (9H, isocyanide fert-butyl), 10.91
(27H, tert-butyl), 3.54 (6H, ortho), 3.19 (3H, para), 1.72 (18H, aryl methyl) ppm. IR
(KBr, pentane): 1759, 1727 cm™'. Anal. Calcd. for C4iHgsNsMo: C, 69.56; H, 8.97; N,
7.91. Found: C, 69.10; H, 8.98; N, 7.99.

Thermolysis of (.-BuNC)Mo(N[~Bu]Ar);. Approximately 20 mg of 3--BuNC were
dissolved in 0.7 mL toluene-ds, and the solution was placed into a NMR tube that was
subsequently sealed with a Teflon stopcock. This solution was heated at approximately
40 °C for 12 h, after which time no change was observed by 'H NMR spectroscopy. The
sample was then heated at 80 °C for 2 d, during which time a modest amount of zerz-butyl
radical ejection occurred from the isocyanide moiety forming (NC)Mo(N[#-Bu]Ar); and
radical ejection from the ligand to form (-BuNC)Mo(NAr)(N[z-Bu]Ar),.

Synthesis of (z-BuNC)Mo(N[i-Pr]Ar);-dis (2-t-BuNC-dig). To a brown solution of
1.519 g of Mo(H)(n2-Me2C=NAr)(N[i-Pr]Ar)z-d1g (2.527 mmol) was added a pentane
solution of +-BuNC (0.209 g, 1.0 equiv, 2.524 mmol). The solution was stirred for one
hour at room temperature, at which time the solvent was removed in vacuo. The orange-
brown residue was oily, and pure solid was not obtained by recrystallization from cold
pentane (—35 °C). IR (KBr, pentane): 1751, 1718 cm™. H NMR (77 MHz, Et,0): & =
7.1 ppm (Avy, = 9.2 Hz).

Synthesis of (--BuNC);Mo(N[i-Pr]Ar); (2-(2-BuNC);). To a brown solution of 0.127 g
of Mo(H)(nz-M62C=NAr)(N [i-Pr]Ar);-dig (0.211 mmol) was added a diethyl ether
solution of -BuNC (0.036 g, 2.05 equiv, 0.433 mmol). The reaction mixture became
purple upon mixing and was stirred for one hour at room temperature. 1H NMR (C6D6,
500 MHz): 6 =4.31, 1.61,-2.24, -11.92 (v br) ppm. IR (KBr, pentane): 2019 cm™. ’H
NMR (77 MHz, Et;,0): 8 =3.9 ppm (Avy, = 14.6 Hz). Anal. Calcd. for C43HgsNsMo: 'C,
68.96; H, 8.88; N, 9.35. Found: C, 67.58; H, 8.86; N, 9.10.

Synthesis of [Na(THF),][(AANC)Mo(N[i-Pr]Ar);]. 1-Adamantyl isocyanide (0.124 g,
0.770 mmol, 0.91 equiv) was added to a THF solution of Mo(H)(m*-Me,C=NAr)(N[i-
Pr]Ar), (0.496 g, 0.850 mmol, 1 equiv) and the solution was stirred for 30 min.
Subsequently, 4.65 equiv of 0.5 % sodium amalgam (0.091 g Na, 3.96 mmol; 18.3 g Hg)
was added, resulting in a gradual color change to red-orange over 2 h. At this time, the
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supernatant solution was decanted away from the amalgam, filtered through Celite, and
the solvent was removed in vacuo. The residue was extracted with pentane and
recrystallized at —35 °C. "H NMR (500 MHz, pyridine-ds): & = 6.88 (ortho, s, 6H), 6.54
(para, s, 3H), 4.82 (methine, septet, 3H), 2.26 (aryl methyl, s, 18H), 2.01 (Ad, s, 3H),
1.82 (Ad, br d, 6H), 1.63 (i-Pr methyl, d, 18H), 1.61 (Ad, br d, 6H) ppm. >C NMR (125
MHz, pyridine-ds): & = 266.34 (MoC), 157.96 (ipso), 137.23 (meta), 123.35 (para),
122.15 (ortho), 59.25 (methine), 56.13 (Ad), 48.17 (Ad), 37.72 (Ad), 31.62 (Ad), 26.20
(aryl methyl), 22.04 (i-Pr methyl) ppm.

1.9.3 Crystallographic Structure Determinations.

2-(n*-imine) 3--BuNC 2-(AdNC),
formula CyHgsMoN, C41Hg3N4Mo CsoHggNsMo
fw 743.92 707.89 977.31
space group Pt P2\/n P1
a, A 11.1241(15) 15.1350(14) 10.6383(11)
b A 12.0233(15) 13.5623(12) 10.9340(11)
c, A 16.837(2) 19.6178(18) 24.980(3)
o, deg 78.988(3) 90 91.598(2)
B, deg 79.148(2) 91.1720(10) 101.624(2)
y, deg 72.990(3) 90 101.257(2)
v, A? 2092.7(5) 4026.0(6) 2784.4(5)
Z 2 4 2
cryst description green block orange prism purple cube
Deated, grm™ 1.181 1.168 1.166
1 (Mo Kao), mm™ 0.346 0.357 0.276
F(000) 794 - 1516 1054
GOF on F? 1.088 1.143 1.219
R(F), %" 0.0898 0.0647 0.1077
R(F), %" 0.1712 0.1563 0.2495

“ Quantity minimized = Ry(F2) = L[W(F,> — FPVZI(WF.2*"% R = SAIT(F,), A = |(F,
— F)|, w= 1/[02(F,}) + (aP)* + bP), P = [2F + Max(F,,0))/3.

Table 1.5: Crystallographic data for 2-(n*imine), 3---BuNC, and 2-(AdNC),.

The X-ray data collections were carried out on a Siemens Platform three-circle
diffractometer (Mo Ka, A = 0.71073 A) mounted with a CCD detector and outfitted with
a low-temperature, nitrogen-stream aperture (189 K). The structures were solved by
direct methods, in conjunction with standard difference Fourier techniques and refined by
full-matrix least-squares procedures. Selected bond lengths and angles are supplied in
Table 1, Table 2, and Table 3. A summary of crystallographic data is given in Table 5,
with full details found in Appendix 2. The systematic absences in the diffraction data are
uniquely consistent with the assigned space group of P2,/n for 3---BuNC. No space
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group symmetry higher than triclinic was indicated in the diffraction data for 2-(AdNC),
and 2-(n*-imine). These choices led to chemically sensible and computationally stable
refinements. An empirical absorption correction (y-scans) was applied to all data sets.
All software for diffraction data processing and crystal-structure solution and refinement
are contained in the SHELXTL (v5.10) program suite (G. Sheldrick, Siemens XRD,
Madison, WI).

1.9.4 General Considerations: Stopped-flow kinetics.

Toluene (anhydrous, 99.8%, Acros) was purified further by the method of
Grubbs.®®  Toluene solutions of 1, 1-ds, 3, and AANC were prepared in a Vacuum
Atmospheres glovebox filled with argon. Kinetic measurements were performed at
temperatures from —80 to 25 °C using a Hi-Tech Scientific (Salisbury, Wiltshire, UK)
SF-43 Multi-Mixing CryoStopped-Flow Instrument in diode array and single wavelength
modes. The stopped-flow instrument was equipped with stainless steel plumbing, a
stainless steel mixing cell with sapphire windows, and an anaerobic gas-flashing kit. The
instrument was connected to an IBM computer with 1S-2 Rapid Kinetic software (Hi-
Tech Scientific). The temperature in the mixing cell was maintained to +0.1 K, and the
mixing time was 2 ms. The driving syringe compartment and the cooling bath filled with
heptane (Fisher) were flushed with argon before and during the experiments, using
anaerobic kit flush lines. All flow lines of the SF-43 instrument were extensively washed
with degassed, anhydrous toluene before charging the driving syringes with reactant
solutions. The experiments were performed in a single-mixing mode of the instrument,
with solutions of two reagents mixed in a 1:1 (v/v) ratio.

1.9.5 General Considerations: Thermochemistry.

Infrared data were recorded on a Perkin-Elmer System 2000 FTIR in sealed
solution cells obtained from Harrick Scientific. Solvents used, toluene, C¢Ds, and
heptane were all distilled from Na/benzophenone under argon prior to use. Enthalpies of
reaction were measured in a Setaram C-80 Calvet calorimeter that was loaded in the
glove box in an argon atmosphere. In a typical procedure a stock solution of
approximately 0.2 g of 1 was dissolved in 7 ml of toluene that had been freshly distilled
from sodium benzophenone ketyl. The solution was filtered and 5 mL were loaded into
the calorimeter containing an ampoule of AANC (0.0176 g). (The remaining solution was
used to obtain an FTIR spectrum of the stock solution.) The calorimeter cell was
subsequently sealed, taken from the glove box, loaded in calorimeter, and allowed to
thermally equilibrate for two hours. Rotation of the calorimeter prior to breaking the
ampoule gave a small exothermic reaction due to trace contaminants inside the cell. A
second such rotation showed no thermal signal and the reaction was initiated by breaking
the ampoule. Upon completion of the reaction and thermal equilibration, the cell was
taken back into the glove box, an aliquot loaded into an FTIR cell for product
observation, and the entire apparatus cleaned with dried and degassed toluene. The cell
was stored in an evacuated container inside the glove box between calorimetric runs.

43



1.9.6 DFT Calculations.

Calculations were performed with version 2002.02 of the Amsterdam DFT
program package, ADF.°”% Atomic coordinates from the X-ray diffraction study of 1,*
3,7 3-+BuNC, and 2-(AdNC), were employed. The calculation was carried out with all
the electrons considered explicitly, i.e., no frozen core approximation was utilized. The
atomic basis sets employed were the ZORA/TZ2P bases supplied with the program, and
accordingly, scalar relativistic effects were included with the ZORA treatment.”’ The
calculations were carried out in spin-unrestricted mode. The local density approximation
functional used was that of Vosko, Wilk, and Nusair, while the functionals for the
generalized gradient approximations took the form of Becke (exchange) and Perdew
(correlation).”'73
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2.1 Introduction

The reaction of W,(ONp)s(HNMe,), with white phosphorus yields two products,
(cyclo-n>-P3)W(ONp)s(HNMe,) and W;(u3-P)(ONp)s (Np = neopentyl).? Chisholm et al.
proposed that the latter compound forms via the reaction of the starting material
W,(ONp)s(HNMe,), with a transient terminal phosphide PW(ONp);, which was not
observed spectroscopically. A “chop-chop” reaction of tert-butylphosphaalkyne (i-
BuCP) with a mixture of W(CO)s(THF) and W,(O-z-Bu)s resulted in formation of an
asymmetric bridging phosphide, [(-Bu-0);W](u-P)[W(CO)s].> Again, the presence of a
terminal phosphide was implicated in the reaction mechanism. This claim was supported
by observation of a uniquely downfield *'P NMR spectroscopic signal assigned to PW(O-
t-Bu)s.

In 1995, back-to-back publications in Angewandte Chemie, International Edition
in English revealed the first authentic examples of terminal phosphides including their
structural characterization.*> Two of these novel terminal phosphides were synthesized
by Zanetti et al. and were supported on molybdenum or tungsten by a bulky
triamidoamine (tren, [(Me;SiNCH,CH;);NJ*") ligand.* The structurally characterized
molecule PW(tren)" was synthesized via addition of two equivalents of LiPPhH to
CIW(tren) followed by heating at 80 °C for 48 h.5 Laplaza et al. synthesized the other
reported terminal phosphide by addition of 0.25 equiv white phosphorus (P4) to the three-
coordinate Mo(N[t-Bu]Ar); (3) at room temperature (or lower) over the course of
approximately 1 h.> The latter example was an interesting and rare example of the
activation of the element P,.

Isolation of these molecules permitted the subsequent synthesis of several
derivatives of the terminal phosphide moiety. In the case of PW(tren), derivatives
include Lewis acid adducts of the lone pair on the terminal phosphide.®” Particularly,
transition metal carbonyl compounds and gallium(IIl) chloride formed adducts with
PW(tren). In contrast, new element-element multiple-bond-forming reactions were
achieved with PMo(N[t-Bu]Ar); (3-P).! Dimethyldioxirane, a potent oxygen-atom
transfer reagent reacted with 3-P forming the first example of a terminal phosphoryl 3-
PO.° Sulfur or cyclohexene sulfide reacted with 3-P forming a similar thiophosphoryl 3-
PS, and mesityl azide reacted with 3-P forming a phosphinimine 3-PNMes.> Despite
these interesting developments, neither PM(tren) (M = Mo, W) or 3-P were observed to
undergo side-on M-P bond activation.

For several years, these molecules were the only known examples of transition
metal terminal phosphides.”'®"" However, once molybdaziridine-hydride Mo(H)(n*
Me,C=NAr)(N[i-Pr]Ar), (1) was developed as a masked form of the less-bulky Mo(N[i-
Pr]Ar); (2),'” the synthesis of a less-sterically crowded terminal phosphide became an
attractive goal. Potentially, this change in the ligand periphery would permit access to
the Mo—P bond and result in the ability to incorporate the phosphorus atom into organic

* This molecule was also synthesized using 2 equiv LiP(SiMej),.°

T White phosphorus also reacts with the molybdenum tris-amide Mo(N[2-Ad]Ar)s, analogous to but bulkier
than 3, to form the corresponding terminal phosphide, PMo(N[2-Ad]Ar);."°
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molecules via side-on reactivity and subsequent atom transfer. The synthesis of
PMo(N[i-Pr]Ar); (2-P) proved to be less straightforward than the synthesis of 3-P, but the
terminal phosphide was still ultimately derived from the element. Herein is reported
synthesis of 2-P via reductive and oxidative cleavage pathways.

2.2 Results and Discussion
2.2.1 Synthesis of a symmetrically bridging p-phosphide, its anion, and its cation.

Reaction at room temperature of white phosphorus (P4) with the bulky, three-
coordinate molybdenum compound Mo(N{[#-Bu]Ar); (3, Ar = 3,5-C¢H3sMe,) has given
rise exclusively to the terminal phosphide functionality PMo(N[z-Bu]Ar); (3-P).” In
contrast, slow addition of P4 to molybdaziridine-hydride Mo(H)(n*-Me,C=NAr)(N[i-
PrJAr), (1) in cold diethyl ether leads to a red-purple phosphide-bridged product (p-
P)[Mo(N[i-Pr]Ar)s]2 (22-p-P) in 74 % yield."'?>"* This compound is paramagnetic, with
a solution magnetic moment s = 1.92 pp corresponding to one unpaired electron.

Few symmetrically bridged P; compounds have been reported. Existing examples
include the red, paramagnetic compound (p-P)[W(tren)], (tren” = [(i-
PrNCH,CH,)sN]*).  This compound was synthesized from CIW(tren’) and two
equivalents of LiP(SiMes), at 100 °C for 48 h and was isolated in 43 % yield."” The pu-P
functionality was proposed to result from P-Si bond cleavage. Another example of a
symmetrically bridged P, compound is the paramagnetic species (Cp*,Zr),(n-P), which
was synthesized over several hours from Cp*,ZrCl,, excess KH, and phosphine in
THF."* This compound resulted from P-C bond cleavage and was isolated in 10% yield.

In contrast to the P—X bond cleavage routes to (u-P)[W(tren")], and (Cp*,Zr),(u-
P),"**¢ facile combination of PMo(N[i-Pr]Ar); (2-P) with reactive 1 could account for
formation of 2,-u-P (vide infra). This supposition seems reasonable since the
symmetrically bridged, purple (pu-P)[Mo(N gt-BujAr)3]2 (32-pu-P) was formed at low
temperature when 3-P and 3 were combined. ™ Consequently, in order to isolate 2-P and
explore its reactivity compared to 3-P, it must be synthesized in the absence of 1. For
this reason, a method was sought for splitting dinuclear 2,-u-P.

Dr. Marc Johnson initially discovered that nitric oxide (NO) was able to effect
quantitative bridge cleavage to give equimolar amounts of the desired terminal phosphide
2-P and byproduct nitrosyl (ON)Mo(N[i-Pr]Ar); (2-NO) (Scheme 2.1, middle)."'?* Full
characterization and reactivity studies of 2-P were precluded, however, because similar
solubility properties made separation from 2-NO difficult. An alternative method for
isolation of 2-P was envisioned based on the isoelectronic character of the anion
[(OC)Mo(N[i-Pr]Ar);]” ([2-COJ") and the neutral species 2-NO. In this case, the
byproduct [2-CO]™ should be separable from 2-P in hydrocarbon solvents due to its
monoanionic charge. Therefore, one electron reduction and subsequent carbonylation of
2,-u1-P were investigated (Scheme 2.1, right).
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Scheme 2.1: Cleavage modes of i-phosphide 2,-p-P; L = N[i-Pr]Ar, Ar = 3,5-dimethylphenyl.
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Excess sodium amalgam (0.5 % w/w) in THF under a nitrogen atmosphere proved
an effective regimen for high-yield isolation of the anion [Na(THF)][(n-P)Moy(N[i-
Pr]Ar)s] ([Na(THF)][2,-p-P]) (Scheme 2.1, right). The red-purple contact ion pair
[Na(THF)][2,-p-P] crystallized in space group P2,/c as large blocks from pentane. In
order to stabilize the sodium cation in the solid state, one aryl group flipped to interact in
a m-fashion with the alkali metal (Figure 1).'"* The Mo-P-Mo bridge was thereby
desymmetrized, resulting in modestly different Mo-P distances (2.183(2) and 2.197(2)
A). The Mo-P bond distances in the neutral and anionic species are similar. In the solid-
state structure of neutral 2,-p-P, the phosphorus atom lies on a crystallographic inversion
center making the Mo-P distances identical (2.2164(4) A)."'*® The bond length
similarity is expected, since the electron introduced upon reduction occupies a primarily
non-bonding orbital (rather than a Mo—P—Mo bonding orbital) (Figure 2.4). In both 2,-p-
P and [Na(THFa)] [22-p-P], the Mo—P distances are shorter than those observed for 3,-p-P
(2.2430(6) A)," attributable to steric considerations.

Interestingly, encapsulation of the sodium countercation by addition of 2 equiv of
the crown ether 12-c-4 to [Na(THF)][2,-p-P] resulted in oxidation of the molecule and
formation of sodium metal; neutral 2,-p-P was observed by 'H NMR spectroscopy. This
behavior is reminiscent of bridging-N;, compounds of 2 that spontaneously oxidize
(forming sodium metal) when solvent is removed."” Presumably, in the case of nitrogen,
the aromatic periphery of the ligands cannot accommodate the intimate presence of the
alkali metal cation due to the smaller size of the bridging atom and the anion is not stable
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when the cation is separated. Cation-anion separation

' may be achieved by using a

different cation.'® For example, cesium more readily gives up its electron (lower first
jonization energy) than sodium. Therefore, Cs* should not be as readily reduced to
cesium metal with formation of neutral 2,-pu-P. Furthermore, in the inorganic electride
literature, it has been noted that cryptands are more able to stabilize the cation-anion
separation than crown ethers since they are not as easily reduced.'®

7

Eo

a

Figure 2.1: Molecular structure of [Na(THF)][2,-1-P] (35% thermal ellipsoids). Hydrogen atoms are omitted

for clarity. Selected bond distances and angles are listed in Table 1.

Bond Lengths (4) Bond Angles (deg)
Mol-P  2.183(2) | Mol-P-Mo2 173.87(10)
Mo2-P  2.197(2) | P-Mol-N1 100.6(2)
Mol-N1 2.051(6) | P-Mol-N2 101.5(2)
Mol-N2 2.017(5) | P-Mo1-N3 100.6(2)
Mol-N3 1.970(6) | P-Mo2-N4 101.5(2)
Mo2-N4  2.059(6) | P-Mo2-N5  94.7(2)
Mo2-N5 2.059(6) | P-Mo2-N6  97.9(2)
Mo2-N6 1.959(6) | O—Na-N4 93.6(3)
N4-Na  2.908(8) | O-Na—-N5 111.6(3)
N5-Na  2.702(7) | P-Mol-Na 110.51(9)
Na-O 2.252(8) | P-Mo2-Na  65.66(8)

Table 2.1: Selected bond lengths and angles for [Na(THF)][2,-p-P].

! Examples of this can be found in the literature of alkali metal electrides.'
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Figure 2.2: Electrochemical trace for 2,-p-P. Data were collected in THF solution with 0.5 M NBu,PFg
electrolyte with reference to ferrocene-ferrocenium (Fc/Fc' = 0 V).

The bridging phosphide 2,-p-P is also susceptible to one electron oxidation,
creating another pathway for the synthesis of the desired terminal phosphide 2-P.
Electrochemical investigation of neutral 2-u-P (Figure 2.2) revealed a clean, reversible
reduction wave (E°" = —1.33 V vs. Fc/Fc") and a clean, reversible oxidation wave (E°" =
—0.50 V). In contrast, (u-P)[W(tren")], is not susceptible to reversible oxidation
electrochemically or chemically (using ferrocenium tetrafluoroborate).'*® The observed
oxidation wave for 2,-p-P indicated that the use of the oxidizing agent silver triflate
(AgOTN'” would be sufficient to form the product [(p-P)Moy(N[i-Pr]Ar)s][OTf] ([2-p-
PJ[OT{]) (Scheme 2.1, left). Experimentally, reaction of 2-u-P with AgOTf in THF
indeed resulted in the desired product, [2;-p-P][OTf], with concomitant formation of
silver(0).

2.2.2' Synthesis of a new terminal phosphide of molybdenum.

Addition of stoichiometric carbon monoxide to a red-purple THF solution of
[Na(THF)][2,-p-P] at 25 °C resulted in quantitative cleavage of the phosphide bridge and
formation of a yellow solution. Because of the ionic nature of the byproduct [2-COTJ, it
was easily separated from the desired terminal phosphide PMo(N[i-Pr]Ar); (2-P). This
was done by fractional crystallization from cold pentane, whereby orange [Na(THF),][2-
CO] crystallized from cold pentane before 2-P did. Separation was more reliably
achieved via precipitation and subsequent filtration after the addition of 12-c-4 (2 equiv
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based on Na) to produce yellow-brown [Na(12-c-4);]J[2-CO].""> This molecule was
independently synthesized by addition of one atmosphere of CO to 1 followed by
reduction using sodium amalgam, using a method established for synthesis of [3-COJ".'®

Following this series, where CO was used to cleave [Na(THF)][2-p-P] and NO
was used to cleave 2-u-P, O, or an O,-surrogate was chosen to cleave the oxidized p-
phosphide [2,-p-P][OTHf] (Scheme 2.1, left). In practice, pyridine-N-oxide provided the
cleanest cleavage reaction, forming 2-P and the cation [2-O][OTf]. Compound 2-O was
investigated electrochemically, and the voltammogram displayed a reversible oxidation
wave at —0.66 V. Hence, compound [2-O][OTf] was synthesized independently by
addition of pyridine-N-oxide to 1, followed by oxidation using silver triflate. This
method is similar to that employed for the synthesis of [3-O][OTf].'”” Overall, this
oxidative route to 2-P is not as clean as the reductive pathway, and the latter method is
used preparatively.

X-ray quality yellow blocks of 2-P were found to crystallize from pentane in the
space group P2,2,2, (Figure 2.3). Two independent molecules were found in the unit cell
with identical bond lengths and angles (within 36). The Mo—P vector generally points
into the aromatic portion of the next molecule’s ligand periphery in a head-to-tail fashion
with a P-Mo distance of greater than 8.5 A. This packing mode is similar to that found
in PMo(N[¢-Bu]Ar); (3-P). The Mo-P distance of 2.116(3) A (Table 2.2) is in close
agreement with those observed for previously reported 3-P (2.119(4) A),” PMo(N[2-
AdJAD); (2.107(3) A)," and PW(tren) (2.162(4) A).* This seems to indicate that the
electronic contributions from the fragments Mo(N[i-Pr]Ar); (2), Mo(N[#-Bu]Ar); (3), and
Mo(N[2-Ad]Ar); are approximately equal despite the slight variation of the ligands’
aliphatic groups.

Figure 2.3: (Left) Molecular structure of 2-P
(35% thermal ellipsoids). One of two independent
molecules is shown. The bond lengths and angles
in the second molecule are identical within 3o.
Hydrogen atoms are omitted for clarity.

Bond Lengths (4) | Bond Angles (deg)
Mo-P 2.116(3) { N1-Mo-P 104.1(3)
Mo-N1 1.935(9) | N2-Mo-P 102.0(3)
Mo-N2 1978(10) | N3-Mo—P 105.1(3)
Mo-N3 1.971(10)

Table 2.2: Selected bond lengths and angles for 2-P.

The *'P NMR resonance at & = 1256 ppm for 2-P is similar to the values of & =
1216 and 1346 ppm, respectively, for the aforementioned compounds PMo(N[z-Bu]Ar);
and PW(tren). A *'P NMR shift calculation on the model compound PMo(NMe,);
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revealed a similar value, 8o = 1250 ppm (811 = 1841 ppm, 82 = 1841 ppm, 833 = 70
ppm). The large downfield shift results from large paramagnetic contributions to 8;; and
8,2. These are derived from rotational mixing in the presence of an applied field of
HOMO-2 (o bond, P p, — Mo d;?) with the degenerate LUMO (n*, P p, — Mo dy, and P
Py —Mo d,,) (see Theoretical Section).?**!

2.2.3 Reactions of PMo(N[i-Pr]Ar); (2-P).

As proposed earlier, terminal phosphide 2-P rapidly reacts with molybdaziridine-
hydride 1 to form 2,-p-P. Similarly, 2-P reacts with bulky Mo(N[z-Bu]Ar); (3) to form
the asymmetrically bridged (Ar[i-Pr]N);Mo(u-P)Mo(N[#-Bu]Ar); (2-P-3). This
compound is red-purple, similar to the symmetrically bridged 2,-p.-P; the two compounds
have comparable UV-Vis spectra (2,-p-P: A = 340, 500 nm; 2-P-3: A = 350, 520 nm).
Also like 2,-p1-P, compound 2-P-3 reacts with NO. Addition of 1 atm of NO to a solution
of 2-P-3 resulted in exclusive formation of 2-NO and 3-P in a 1:1 ratio. In other words,
the phosphorus atom is effectively transferred from 2-P to 3 in a manner controlled by the
steric accessibility of the two molybdenum atoms; it can be asserted that the molybdenum
center supported by N[i-Pr]Ar ligands is more easily accessed by an incoming molecule
of NO than the molybdenum center supported by N[#-Bu]Ar ligands. Compound 2-P-3
differs from significantly from 3,-p-P, in that the latter is only stable at very low
temperatures. An X-ray crystallographic structural study of red-purple crystals of 2-P-3
grown from cold pentane revealed an end-over-end disorder. This made determination of
the two Mo—P bond distances impossible; the phosphorus atom occupied a position
between the two molybdenum atoms at a distance (2.2297 A) that is the average of the
corresponding distance in 2;-p-P and 3,-p-P.

Other reactivity of 2-P was discovered to be limited despite the decrease in the
steric protection of the Mo-P triple bond. Dr. Marc Johnson had previously discovered
that 2-P (contaminated with a significant amount of 2-NO) does not react with internal
alkynes.”> Now that 2-P can be isolated in pure form, this conclusion was verified; 2-P
does not react with internal alkynes even at elevated temperature and/or in neat alkyne
solution. Additionally, 2-P is not susceptible to one-electron reduction by sodium
amalgam or Ti(N[-Bu]Ar);** or two-electron reduction by V(N[R]Ar); (R = i-Pr, -Bu).2
Terminal phosphide 2-P is also not reactive toward mild oxidizing agents such as
thallium(I) triflate, carbon dioxide, and dipheny! disulfide.

Functionalization of the nitrile carbon of benzonitrile in the coordination sphere
of 3 has recently been achieved® The n’-benzonitrile adduct”® of 3 reacted with
compounds such as diphenyl disulfide to form a thiobenzimidate. This product could
also result from the addition of carbene C(Ph)(SPh) to the terminal nitride NMo(N[¢-
Bu]Ar); (3-N). Addition of carbenes to terminal phosphides has not been documented,
although it has been investigated for a variety of P(V) compounds.®®

¥ This is comparable to the computed contributions for 3-N.*°
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It also has recently been reported that the deprotonation of [(n>-PhCCH)Mo(N[i-
Pr]Ar);]I using sodium hexamethyldisilazide results in a carbon-carbon bond forming
reaction via reductive coupling of (PhCC)Mo(N[i-Pr]Ar); (2-CCPh).>’  Although
acetylide 2-CCPh contains a linear C,—Cp—Cpp bond angle in the solid state,”® its
dimerization is proposed to proceed as a consequence of carbene-like character at the B
carbon. This bulky “carbene” has been trapped by PMe;.2® 1t does not react with bulky
3-P, but reacts in minutes with 2-P to form a green compound (Scheme 2.2). Attempts to
isolate this compound have not yet succeeded, but structural information was gleaned
from the *'P NMR spectrum. Monitoring a C¢Ds solution of 2-P and 2-CCPh by *'P
NMR spectroscopy revealed several new features after 10 min. Some unreacted starting
material (& = 1256 ppm) was joined by a prominent peak at & = 485 ppm and a smaller
peak at 3 = 96 ppm. After 4 h, the peak at 485 ppm had disappeared and only the peak at
96 ppm remained. (A small amount of unreacted 2-P was present after all 2-CCPh was
consumed. The dimer of 2-CCPh was observed by '"H NMR, thereby accounting for the
unreacted 2-P.) The observed *'P NMR shifts are comparable to that observed for
Ph,C=P-t-Bu (289.6 ppm) and its dimer, the corresponding 1,3-diphosphetane (30.1
ppm).”’ This indicates that the signals observed during the reaction of 2-P and 2-CCPh
likely correspond to the carbene addition product (485 ppm) and its dimer (96 ppm).
Potentially, dimerization could be precluded by judicious variation of the acetylide’s
phenyl group substitution. Synthesis of the ortho-tolyl derivative is currently underway.

Scheme 2.2: Reaction of 2-P with the “carbene” 2-CCPh.
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2.2.4 Synthesis and reactivity of (n’-P;)Mo(N[i-Pr]Ar); (2-n°-P3).

Another important product in the reaction of molybdaziridine-hydride 1 with P, is
(n’-P3)Mo(N [i-Pr]Ar); (2-0°-P3).'?® This yellow, flaky compound was synthesized when
a toluene solution of 1 was added slowly to a toluene solution of P,. When the reaction
mixture was concentrated and chilled, the product was filtered away. Compound 2-n3 -P;
is only sparingly soluble in pentane so the simultaneously-formed 2,-p-P can be washed
away with minimal product loss. Compound 2-n’-P; reacts with 5 equiv of
molybdaziridine-hydride 1 to generate 3 equiv of 2,-u-P.'*® Probing compound 2-1°-P3
by cyclic voltammetry revealed a reversible reduction wave at —2.03 V. However, 2-n°-
P; is not even susceptible to reduction by strong reducing agents (e.g. KCs) to form 2-P.
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Reaction of 2-n’-P; with 2 equiv Mo(N[#-Bu]Ar); (3) resulted in some formation
of the bulky terminal phosphide 3-P, but the major product was the mixed bridging-P,
compound (2-P-3) mentioned previously. Extremely slow addition of 3 to 2-113 -P; ideally
would result in formation of a 1:2 mixture of 2-P and 3-P. However, the presence of
excess 3 when 2-P is generated will quickly result in the mixed p-phosphide 2-P-3.

Interestingly, addition of the sulfur-atom transfer agents Ss, cyclohexene sulfide,
and ethylene sulfide to 2-P resulted in some formation of 2-n°-P; (which does not react
with Sg). This contrasts with the bulky terminal phosphide 3-P, which reacted with these
reagents to form an unprecedented terminal PS moiety.’

2.3 Theoretical Section

The frontier orbitals of 2,-pu-P and 2-P-3 are certainly similar in composition to
those in 3,-u-P."*® 1In 3,-p-P, there is a delocalization of electron density over the
phosphide bridge. The orbitals contributing to this include the dy, and dy; orbitals of both
molybdenum atoms and the p, and py orbitals of phosphorus. The major difference in the
orbitals of 2,-p-P is the greater extent of orbital overlap due to closer approach of the
two molybdenum centers. The same is can be said for 2-P-3, but the orbital contributions
also can be expected to be slightly skewed due to the asymmetric nature of the bridge.

All-electron density functional theory calculations on the crystallographic
parameters of [Na(THF)][2,-pu-P] showed that the molecule’s HOMO and nearly
degenerate HOMO-1 are mostly localized on the molybdenum atoms (Figure 2.4). The
electrons are contained in either dy, and dy, orbitals, rendering a rather symmetrical
electronic distribution. The LUMO is based on the d,2 orbitals from both molybdenum
atoms, with some mixing from the molybdenum p orbitals. Neglible contributions from
phosphorus are observed for these frontier molecular orbitals.

Figure 2.4: Molecular orbitals of the anion [Na(THF)][2,-u-P] calculated using full electronic
configuration of all atoms on X-ray crystallographic coordinates. Left, HOMO; right, HOMO-1.
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The frontier molecular orbitals of the model compound PMo(NH,); have been
discussed.”’ This model system was calculated using the GAUSSIAN94 package, the
B3LYP3 functional, and the lanl2dz+f and 6-311G** basis sets. It was found that the
HOMO-1 was a P(p,)-Mo(d,2) o orbital, the HOMO was a set of degenerate P(px,
Py)—-Mo(dxz, dy;) m orbitals, and the LUMO was a set of degenerate P(px, py)-Mo(dx;, dy)
n* orbitals. Slightly different results were obtained when the model compound
PMo(NMe,); was investigated using ADF2002.02 using ZORA(V) basis sets (see
Experimental Section for details). In this case, the HOMO is a set of amide lone pairs,
N(px, py). The HOMO-1 represents a degenerate set of ©t orbitals, P(px, py)—Mo(dxs, dy.),
and the HOMO-2 is the P-Mo o bond, P(p,)-Mo(d,2) (Figure 2.5). Like in the simpler
model system, the LUMO is a degenerate set of n* orbitals, P(px, py)—Mo(dx, dyz).

An investigation of the frontier orbitals 2-n3-P3 was also completed using density
functional theory. The calculation utilized simplified ligands (i.e., NMe;), and it was
completed in C3y symmetry. The HOMO is primarily amide lone pairs and the LUMO is
the d,2 orbital of molybdenum. LUMO+1 represents mainly the degenerate dy2.,2 and dyy
orbitals interacting with small components of P-P antibonding character. HOMO-1 is a
set of degenerate orbitals reflecting a backbonding interaction from the metal to the
cyclo-P; ligand. The perpendicular dy, and dy, orbitals interact with the compatible P;"
orbitals that have one node (Figure 2.6). HOMO-4 and HOMO-S5 are the aromatic Ps"
orbitals. This orbital analysis is similar to one derived by a Fenske-Hall molecular orbital
calculation of (1°-P3)W(ONp)s(HNMe;) presented by Chisholm et al.*® In that case, the
tungsten d,2, dx,, and d,, orbitals interacted with the P;" frontier orbitals. There is no
evidence for mixing in of the P-based s orbitals in the frontier orbital framework for 2-1’-
P;.3' This orbital analysis of 2-n’-P5 indicates why very little reactivity is observed from
the cyclo-P; portion of this compound, since neither the most acidic nor most basic
portions of the molecule include P-P bonding (Figure 2.6).

63



LUMO+2

LUMO+1

LUMO

HOMO

HOMO-1

HOMO-2

Figure 2.5: Selected molecular orbitals of PMo(NMe,); calculated in Cs, symmetry.
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Figure 2.6: Selected molecular orbitals of (n°-P;)Mo(NMe;); calculated in Ci, symmetry. (Top)
Degenerate LUMO+1, LUMO, HOMO, degenerate HOMO-1, HOMO—4 (bottom left), and HOMO-5
(bottom right). Representations of the frontier molecular orbitals of the P;" n-system are depicted on the
far right.
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2.4 Mechanistic Section>

Transition metal complexes have been documented to both coordinate intact P4
tetrahedra and cleave one or more of the substrate’s P-P bonds.*® In the cases where
bond cleavage occurs, the extent of activation depends on the number of electrons
provided by the incoming metal complex. For example, one phosphorus-phosphorus
bond of P4 oxidatively adds to the fragment [Cp*Co(CO)] under thermolytic conditions
to form (112-P4)C0(CO)Cp"‘.34 The nz-P4 moiety results from two-electron reduction of
white phosphorus.®® Successive two-electron reductions cleave more of the PP bonds;
three such reductions can lead to P; and P; fragments. An interesting example of a
system that is arrested along the pathway to P3:/P; generation is [{Cp*Ni}(n*'-
P,){Cp*Ni(CO)}{Cr(CO)s}3].*® In this compound, two sides of the P, tetrahedron have
been cleaved. Three of the P atoms were coordinated to one NiCp* unit while the
remaining P atom was coordinated by Cp*Ni(CO). When this compound was
photolyzed, two products were formed, one containing a (n3-P3)NiCp* moiety and the
other containing a Ni,P, pseudo-tetrahedral moiety. The latter compound was 3proposed
to form via dimerization of an unobserved [(OC)sCr]«<P=NiCp* intermediate.” "

There are very few examples of this P3/P; unsymmetrical cleavage of white
phosphorus. Here, the activation of P4 by molybdaziridine-hydride 1, with its formation
of 2,-u-P and 2-n3-P3, serves to considerably enhance this area of the chemical literature.
Furthermore, few examples of mechanistic investi§ations of reactions of white
phosphorus have been reported.”’38 As in Chapter 1, ® the rapid reactions of interest
(Scheme 2.3) were probed using stopped-flow UV-Vis spectrometry kinetic
measurements by Drs. Elena Rybak-Akimova and Olga Kryatova at Tufts University.
The reactions listed below were monitored at 500 nm, where the spectral changes were
expected to be maximal (Figure 2.7).

20

Absorbance (AU}

Figure 2.7: UV-Vis spectra of 2,-pu-P (top), 1, 2-P, and 2-n*-P; (bottom); 0.3 mM solutions in toluene.

** See Chapter 3 for examples of authentic terminal phosphide dimerization.*’
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Scheme 2.3: Balanced reactions of phosphorus and phosphorus-containing compounds with 1 and 3. The
temperature range over which each reaction was studied is indicated over the arrow. L = N[i-Pr]Ar; L? =
N[z-Bu]Ar.
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The synthesis of symmetrically bridged 2,-p-P from molybdaziridine-hydride 1
and terminal phosphide 2-P is shown in Scheme 2.3, Reaction 1. This reaction was
mentioned above as a possible route to the formation of 2,-p-P during the reaction of
white phosphorus with 1. This reaction was studied from 10 to 60 °C in toluene under
second order conditions ([1] = [2-P] = 0.15 mM after mixing in the stopped flow celil).
Upon mixing the solutions of 1 and 2-P, increasing absorbance was observed in the entire
spectrum with a maximum at 500nm. The same spectral changes were observed at all
studied temperatures. The reaction was clean, kinetic traces were best fit to a second-
order process, and no intermediates were observed. Rate constants were measured at
several temperatures (Table 2.3) and activation parameters were calculated from an
Eyring plot (Figure 2.8). The rate limiting step was determined to be a bimolecular
process with a moderately positive activation enthalpy (AH* = 10.5 + 0.5 kcal‘mol™") and
a modestly negative activation entropy (AS* = —11 + 2 eu). This may be consistent with
an associative transition state. However, the associative transition state unambiguously
proposed for the reaction of 1 with AANC (Chapter 1)* has a lower activation enthalpy
(AH* = +4.5 + 0.5 kcal'mol™") and a more negative activation entropy (AS* = 24 + 4 eu.)
than Reaction 1. The significantly less negative AS* in the case of Reaction 1 might be
explained by simultaneous binding of substrate and molybdaziridine-hydride ring-
opening reaction (i.e., associative interchange).
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Reaction between terminal phosphide 2-P and bulky fris-amide 3 (Reaction 2) has
a second-order process as its rate limiting step. Over all temperatures intervals studied
from =50 to 10 °C, a maximum absorbance was observed at ca. 500 nm. Reaction 2 is
characterized by a low activation enthalpy (AH* = 2.7 + 0.4 kcal'mol™) and large
negative entropy of activation (AS* =33 £ 4 eu, Table 2.3). The rate of Reaction 2 and
its activation parameters are very similar to those in the reaction of 3 with diphenyl
ditelluride (AHi = 2.8 kcal'mol™; ASt = 34 eu), and it has bimolecular activation of
substrate as its rate-limiting step.* This implies that the rate-limiting step of Reaction 2
is coordination of 2-P. It is interesting to note that formation of the asymmetrical 2-P-3
according to Reaction 2 is significantly faster (approximately 15 times faster at 25 °C,
Table 2.3) than formation of symmetric 2,-u-P complex (Reaction 1). As suggested
previously, from this we can assume that ring opening of the molybdaziridine-hydride
impedes the reaction.*’

Kinetic studies on formation of 2-P-3 were also performed starting from 3-P and
1 (Reaction 3). Spectral changes observed upon mixing of the reagents are similar to
those for the reaction between 2-P and 3 (Reaction 2). This reaction is also a clean,
second-order process, but, surprisingly, it is slower than Reactions 1 and 2 (Table 2.3).
The activation enthalpy is 2 kcal‘mol™ smaller than that for the reaction between 2-P and
1 (Reaction 1), and the activation entropy is significantly more negative (-22 vs. —11 eu).
The difference in activation entropy may have arisen from steric congestion in the
transition state due to the bulkier terminal phospide 3-P.
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Figure 2.8: Eyring plot of Reactions 1 (black circle), 2 (open triangle), 3 (black triangle), 4 (open square),
and 5 (open diamond).
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Table 2.3: Activation parameters for Reactions | through 5. The rate constants that were calculated from
Eyring plots are italicized, and those that were measured directly are in standard font.

Reaction 1 Reaction 2 Reaction 3 Reaction 4 Reaction 5
E, (kcal-mol") 11.2+£0.5 32104 9.5+0.5 11.2+0.5 6.7+0.5
AHY (kcal'mol™)  105+0.5 27404 87205 105+05 6.0+0.5

AS* (eu) -11+2 -33+4 -22+4 —17+2 -30+4
ky, s'M™, 60 °C 2533.3 6623 400 166.7 4154
ky, sM™, 25 °C 280 3733.3 57.8 23 126.7
ky, s'M™, 5 °C 73.7 2444.4 17.8 5.9 57
ky, s'M™', =5 °C 34.8 1955.6 10.7 2.8 36.7

Compound 2-n’-P; reacted with molybdaziridine-hydride 1 to form of 2,-p-P
(Scheme 2.3, Reaction 4). Between 30 and 60 °C under second-order conditions, data fit
a second-order kinetic equation. Reaction 4 is the slowest of the reactions depicted in
Scheme 2.3; it is about 10 times slower than formation of symmetrical 2,-pu-P according
to Reaction 1. The activation enthalpies of Reactions 1 and 4 are identical (AH* = 10.5 +
0.5 kcal'mol™, Table 2.3). However, the activation entropy for Reaction 4 is
significantly more negative (AS‘JL = -17 + 2 eu) indicating a more ordered transition state
for this bimolecular reaction’s rate-limiting step. The mechanism of Reaction 4 must
include several steps to proceed to final products. However, these steps occurred
significantly faster than the rate-limiting step, and they were not seen during the stopped-
flow experiments.

It is known from synthetic experiments that reaction of 1 with P4 (Reaction 5) in
toluene gives two products, 2o-pi-P and 2-1°-Ps, but the yield of these products strongly
depends on experimental conditions. Consequently, before studying the kinetics of
Reaction 5 by stopped-flow UV-vis spectrometry, the reaction was preliminarily studied
using a conventional UV-Vis spectrometer to estimate the reaction rate and to find the
conditions for formation of 2,-pi-P and 2-n’-Ps. Surprisingly, in dilute solutions using any
concentration of P4, the formation of 2;-p-P species takes place. This does not mean that
2,-u-P is the only product formed; formation of 2-n-P3 also might occur, decreasing the
absorbance change, but this did not change the rate of formation of 2;-p-P.

Kinetic studies of Reaction 5 were performed over the temperature range —5 to 40
°C using a wide range of concentrations of both reagents ([1] = 0.15 — 0.6mM; [P4] =
0.0375 — 3 mM). Second-order conditions and a significant concentration of 1 (< 0.6
mM), revealed a reaction that was too slow to be followed by stopped flow technique (2,
> 500 s). Instead, Reaction 5 was studied under pseudo-first-order conditions with P4 in a
10- to 40-fold excess. The reaction was followed in a single wavelength mode (500 nm,
550 nm, 460 nm), and concentration dependence experiments were done at 25 °C and -5
°C. Under pseudo-first-order conditions, the kinetic data were fit to a first-order kinetic
equation, suggesting that Reaction 5 is first-order in 1. Indeed, varying the concentration
of 1 while keeping the concentration of P4 large and constant yielded identical values of
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pseudo-first-order rate constant ko»s. This confirmed that the reaction rate depended on
the first power of [1]. A plot of kobs vs. the initial concentration of P4 at 25 °C was a
straight line with a small intercept (~5%) (Figure 2.9), indicating that the reaction is
practically irreversible and is first order in [P4]. Consequently, Reaction 5 is a second-
order process with the rate law shown in Equation 1:

V = kovss[1] = ka[1][P4] ¢y)
0.20
=< 0.10
0.00 . .
0000 0005 0010 0015
[Pl M

Figure 2.9: Dependence of the observed pseudo-first-order rate constant on [P,] for Reaction 5 (toluene,
25 °C). The initial concentration of 1 was 0.3 mM (after mixing).

Reaction 5 is faster then Reaction 4, immediately eliminating 2-n3-P3 as a
possible intermediate in the formation of 2;-p-P during the reaction between 1 and Ps.
The second-order rates for Reactions 1 and 5 are comparable. Therefore, if terminal
phosphide 2-P was an intermediate in white phosphorus activation by 1, higher-order
kinetics would be observed for Reaction 5. This was not observed.

To further verify that 2-P was not an intermediate in the reaction of 1 with P4
(Reaction 5), the following NMR experiment was performed. An equimolar mixture of
P4 and 2-P was prepared in benzene-ds and spiked with one equivalent of an integration
standard (PPhs) known not to react with molybdaziridine-hydride 1. Subsequently, this
solution was added to a solution of one equivalent of 1. The reaction mixture became the
red-purple color of 2,-p-P upon mixing, but it was allowed to stir for ca. 3 h. At this
time, the composition of the reaction mixture was evaluated by 'H NMR. Integration of
data collected during a single-pulse experiment with a long acquisition time revealed a
nearly equimolar ratio of 2-P and the integration standard PPh;. This implied that very
little of the terminal phosphide 2-P was consumed, and that P4 reacted more quickly than
2-P with molybdaziridine-hydride 1.
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Scheme 2.4: Possible pathway for reaction of P4 with molybdaziridine-hydride 1 to form 2,-p-P and 2-n’-
P3; L =N[i-Pr]Ar.
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No evidence for reversibility of Reactions 1, 2, or 3 was observed by stopped-
flow UV-Vis spectrometry up to 60 °C. This observation, combined with the activation
parameters derived for Reactions 1 through 5, permitted a mechanistic hypothesis to be
formulated for the reaction of molybdaziridine-hydride 1 with P4 (Scheme 2.4). The slow
step of the reaction is binding of P4 by molybdaziridine-hydride 1. This is followed by
several fast steps, initiated by molybdaziridine ring opening to form (n*-Ps)Mo(N[i-
Pr]Ar)s (2-P4)***  As mentioned previously, number of bonds cleaved in the P,
tetrahedron depends on how many electrons are available from the transition metal.
Therefore, compound 2-P4 probably can be characterized as a 1-P4 complex where one
edge of the tetrahedron has been cleaved by the electrons available from 2 This is
followed by binding of a second equivalent of 1 to 2-P4 with concomitant bond cleavage
to generate terminal phosphide 2-P and 2-1n>-P;. While it may not be possible to make
any conclusive statements about this unobserved, post-rate-determining step, several
pathways can be envisioned for this P3/P, cleavage. Perhaps terminal phosphide 2-P acts
as a leaving group, generating the radical -P3.** This possibility cannot be ruled out, but
it seems unlikely based upon the following experiment. The chromium(lll) compound
Cr(N[i-Pr]2);*" is known to rapidly react with the radical NO but not with P4 or 1.
Because *Ps is isolobal with NO, Cr(N[i-Pr];); was utilized as a radical trap during the
reaction of P4 with 1. However, no species including a Cr—P bond were observed by *'P
NMR spectroscopy. The 'H NMR spectrum of the reaction mixture indicated formation
of 2-n°-P3 and 2,-p-P while Cr(N[i-Pr],); was left unreacted. Another mechanistic
possibility is that the second equivalent of 1 binds to form a dimolybdenum-
tetraphosphorus complex, 25-(up-n'"'-Ps). This compound could have a butterfly-P,
structure, for which there are many examples in the Ps-activation literature.” This
compound could subsequently cleave to generate 2-P and 2-n3-P3. Regardless of the
method of formation, the final step of the reaction occurs after 2-P and 2-1’-P; are
generated and P, is depleted. This final step is a relatively fast one where 2-P is trapped
by molybdaziridine-hydride 1 takes place to form 2,-p-P.
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2.5 Conclusions

In summary, the associative, bimolecular reaction of molybdaziridine-hydride 1
with elemental phosphorus generates both the symmetrically bridged compound 2,-p-P
and the cyclo-P3 compound 2-n*-P;. The former undergoes smooth le reduction or
oxidation, which can be followed by bridge cleavage upon treatment with carbon
monoxide or pyridine-N-oxide, respectively. These methods afford synthetic access to
terminal phosphide moieties that are sterically less hindered than previously possible.
The new multiply bonded species presage new manifolds of chemistry because the
relatively unhindered N-iso-propylanilide ligands are protolytically replaceable as will be
discussed in Chapter 3.

Scheme 2.5: Thermochemical cycle for reaction of white phosphorus (P,) with molybdaziridine-hydride 1.
Pathways depicted with solid arrows indicate reactions that can be observed directly. (In the case of
terminal phosphide formation, the bulky compound 3 will be substituted for 1 to simplify the reaction.)
The dashed arrow represents a quantity to be calculated.
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2.6 Future Directions

"To complement the synthetic and kinetic work detailed above, a thermochemical
cycle has been developed (Scheme 2.5). Determination of the thermodynamic values for
several of the reactions detailed above will permit us to probe the thermodynamic values
for another reaction we cannot directly observe: the clean formation of 2-n°-P;. No
thermodynamic information has been previously reported for the activation of white
phosphorus by organometallic compounds to form unique P, functional groups.
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The portions of Scheme 2.5 that can be directly measured include the phosphide
bridge formation reaction (path 1) between molybdaziridine-hydride 1 and the terminal
phosphide 2-P. The kinetic parameters of this reaction were determined above (Scheme
2.3, Reaction 1). Similarly, the phosphide bridge formation reaction (path 2) of 1 with
cyclo-P3 compound 2-1°-P; was investigated kinetically (Scheme 2.3, Reaction 2). The
terminal phosphide formation reaction cannot be observed for the reaction of P4 with 1,
but the bulky #ris-amide Mo(N[#-Bu]Ar); (3) could be substituted for 1 here. In Chapter
1, it was demonstrated that this 3-for-1 substitution is a valid one for simplification of the
reaction products.”

2.7 Experimental Section
2.7.1 General Considerations: Synthesis and Characterization.

Unless stated otherwise, all operations were performed in a Vacuum Atmospheres
drybox under an atmosphere of purified nitrogen or using Schlenk techniques under an
argon atmosphere. Mo(H)(n*-Me,C=NAr)(N[i-Pr]Ar), was prepared as previously
published.'"™ White phosphorus (Aldrich) was purified by crystallizing from toluene.
12-Crown-4 ether was passed though alumina before use. Carbon monoxide (BOC
Gases) was used without further purification. Diethyl ether, pentane, dichloromethane,
and toluene were dried and deoxygenated by the method of Grubbs.® THF was distilled
from purple sodium benzophenone ketyl and collected under nitrogen. Benzene-dp,
dichloromethane-d,, and acetonitrile-d; were degassed and dried over 4 A molecular
sieves. Other chemicals were purified and dried by standard procedures or were used as
received. Celite, alumina and 4 A molecular sieves were dried in vacuo overnight at a
temperature above 200 °C. ]H, 2H, 13C, and >'P NMR spectra were recorded on Varian
Unity-300, Varian Mercury-300 or Varian INOVA-500 spectrometers. 'H and “’C
chemical shifts are reported with respect to internal solvent (C¢Dg, 7.16 and 128.39;
CDsCN, 1.94 and 118.69). “H NMR spectra are referenced to an external reference
(C¢Ds in EtO, 7.16 ppm). *'P chemical shifts are reported with respect to external
reference (85% H;PO4, 0.0 ppm). Infrared spectra were recorded on a Bio-Rad 135
Series FTIR spectrometer. The X-ray data collections were carried out on a Siemens
Platform three-circle goniometer with a CCD detector using Mo-K, radiation A =
0.71073 A. The data were processed utilizing the program SAINT supplied by Siemens
Industrial Automation, Inc. C, H, and N elemental analysis were performed by H. Kolbe
Mikroanalytishes Laboratorium, Miilheim an der Ruhr, Germany.

2.7.2 Preparation of compounds.

Synthesis of (u-P)[Mo(N[i-Pr]Ar)s]2."'® A solution of Mo(H)(n>-Me,C=NAr)(N[i-
Pr]Ar), (0.504 g, 0.860 mmol, 1.00 equiv) in ether (50 mL) was prepared. To the stirring
solution, solid P4 (26 mg, 0.210 mmol, 0.25 equiv) was added. The solution was stirred
for 2 h at room temperature, at which point a deep red suspension was obtained. The red-
purple precipitate was isolated by vacuum filtration of the ethereal solution over a
sintered glass frit. The desired product (0.382 g, 0.320 mmol, 74%) was washed with
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cold ether and dried in vacuo. perr (CeDe) = 1.92 pp. '"H NMR (Fully protiated
compound, 300 MHz, C¢Dg): & = 11.98 (12H, ortho), 5.37 (6H, methine), 4.66 (6H, para),
4.01 (36H, i-Pr methyl, 2.06 (36H, aryl methyl) ppm. ?H NMR (D36 product, toluene): &
= 4.82 ppm (i-Pr methyl, Avy, = 12 Hz) ppm. UV-Vis (toluene, 0.3 mM): ca. 340 (¢ =
ca. 12200 M™"), 500 (e = 5960 M™") nm. Anal. Caled. for CesHgoD36NeMooP: C, 64.31;
H, 7.85; N, 6.82. Found: C, 64.66; H, 7.97; N, 6.90. Note: Synthesis reported here uses
fully protiated compound. Deuterated starting materials may be used with no change in
product behavior or yield. Elemental analysis is reported here for D3¢ product.

Synthesis of {Na(THF)}{(p-P)[Mo(N[i-Pr]Ar);];}. A THF solution of (u-PY[Mo(N[i-
Pr]Ar)s]» (0.804 g, 0.63 mmol, 1.0 equiv) was prepared. Twenty equivalents of 1% w/w
sodium amalgam (0.300 g Na, 30 g Hg) were added quickly to the rapidly stirring
solution. The solution was stirred for 1 h and then decanted away from the amalgam.
The reaction mixture was filtered through Celite, and the solvent was removed in vacuo.
The product was subsequently recrystallized at —35 °C from pentane (0.756 g, 0.588
mmol, 94%). 'H NMR (500 MHz, C¢D¢): & = 6.38 (6H, para), 6.34 (12H, ortho), 5.15
(6H, methine), 3.56 (4H, THF), 2.02 (36 H, aryl methyl), 1.68 (36H, i-Pr methyl), 1.41
(4H, THF) ppm. ">C NMR (125 Hz, C¢De): & = 154.10 (ipso), 137.44 (meta), 124.97
(ortho), 124.22 (para), 68.23 (methine), 26.14 (CH(CHs),), 21.98 (Ar-CH;) ppm. °'P
NMR (200 MHz, C¢Dg¢): & = 794 (Avy = 120 Hz) ppm. Anal. Caled. for
CroHgsNeMo,NaOP: C, 65.10; H, 8.11; N, 6.51. Found: C, 65.26; H, 8.15; N, 6.43.
Note: {Na(THF)} {(u-P)[Mo(N[i-Pr]Ar);]2} need not be isolated from THF solution.
Instead, the solution can be decanted away from the amalgam, filtered over Celite and
placed into a flask for the synthesis of PMo(N[i-Pr]Ar)s.

Synthesis of PMo(N[i-Pr]JAr)s. A 250 mL Schlenk flask was charged with a THF
solution (25 mL) of {Na(THF)} {(n-P)[Mo(N[i-Pr]Ar):]2} (2.19 g, 1.70 mmol). The flask
was placed under static vacuum and CO (45.0 mL, 1.84 mmol, 1.1 equiv, 22 °C) was
added via a syringe. The solution was stirred for 30 min at room temperature during
which time the color changed from purple-red to yellow-brown. The THF solvent was
removed in vacuo and the solid was dissolved in pentane (50 mL). A pentane solution
(10 mL) of 12-crown-4 ether (0.596 g, 3.39 mmol, 2 equiv) was added to the reaction
mixture while stirring. Immediately a yellow-brown precipitate formed, [Na(12-c-
4),][(OC)Mo(N[i-Pr]Ar)s], which was filtered away from the product by vacuum. The
orange filtrate was then reduced in volume and the product crystallized at —35 °C (0.462
g, 84% yield). '"H NMR (300 MHz, C¢Ds): 8 = 6.55 (3H, para), 6.34 (6H, ortho), 4.55
(3H, methine), 2.04 (18H, aryl methyl), 1.54 (18H, i-Pr methyl) ppm. *C NMR (75
MHz, C¢Dg): 8 = 153.0 (ipso), 137.9 (meta), 127.0 (para), 126.8 (ortho), 68.1 (methine),
25.9 (CH(CHs)y), 21.7 (Ar-CH3) ppm. 3P NMR (120 MHz, C¢Ds): & = 1256 ppm. Anal.
Calcd. for MoC33HasN3P: C, 64.59; H, 7.88; N, 6.85. Found: C, 63.85; H, 8.06; N, 6.88.

Reaction between PMo(N[i-Pr]Ar); and Mo(H)(nz-Me2C=NAr)(N[i—Pr]Ar)z. In an
NMR tube, yellow PMo(N[i-Pr]Ar); (0.012 g, 0.018 mmol, 1 equiv) and orange-brown
Mo(H)(n*-Me,C=NAr)(N[i-Pr]Ar); (0.010 g, 0.017 mmol, 0.94 equiv) were dissolved in
C¢Ds (ca. 1 mL). Immediately upon the addition of solvent, a red-purple solution
formed. 'H NMR verified the formation of (p-P)[Mo(N[i-Pr]Ar)3]a.
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Synthesis of [(u-P)Mo(N[i-Pr]Ar)¢][OTf]. Solid silver triflate was added to a THF
'solution of 2,-pu-P and the reaction mixture was stirred at 22 °C. During this time, solid
silver plated out onto the reaction vessel. After 1 h, the reaction mixture was filtered
through Celite to remove Ag(0) and the solvent was removed in vacuo. The product was
recrystallized from cold (-35 °C) diethyl ether. 'H NMR (500 MHz, CD;CN): & = 6.91
(s, 6H, para), 6.29 (s, 12H, ortho), 4.36 (septet, 6H, methine), 2.20 (s, 36H, aryl methyl),
1.13 (d, 36H, i-Pr methyl) ppm. °C NMR (125 MHz, CD3CN): & = 149.15 (ipso),
139.83 (meta), 130.19 (para), 126.43 (ortho), 64.03 (methine), 25.93 (i-Pr methyl), 22.61
(triflate, d, Jog = 192 Hz), 21.744 (aryl methyl) ppm. 'F NMR (CDsCN): -78.5 ppm.
Anal. Calcd. for CgsHyoNgF3Mo0,0;PS: C, 59.81; H, 7.19; N, 6.25. Found: C, 59.89; H,
7.53; N, 6.39.

Synthesis of [OMo(N[i-Pr]Ar);][OTf]. To a solution of Mo(H)(nZ-MeZC=NAr)(N[i-
Pr]Ar), in THF was added 1 equiv pyridine-N-oxide. Subsequently, a suspension of
silver triflate was added. Silver metal plated out onto the walls of the reaction vessel. 'H
NMR (300 MHz, C¢Dg): & = 6.45 (3H, para), 6.34 (6H, ortho), 4.78 (3H, methine), 1.99
(18H, aryl methyl), 1.18 (d, 18H, isopropyl methyl) ppm. 'F NMR (300 MHz, THF): &
= —78.8 ppm. 3C NMR (125 MHz, C¢Dg): 149.54 (ipso), 138.70 (meta), 129.81 (para),
124.90 (ortho), 65.94 (methine), 22.02 (triflate, Jor = 105 Hz), 1.76 (methyl) ppm. Anal.
Calcd. for C34HasFsMoN30O4S: C, 66.20; H, 8.08; N, 7.02. Found: C, 65.82; H, 8.59; N,
6.76.

Reaction of PMo(N[i-Pr]Ar); with sulfur. A pentane solution of PMo(N[i-Pr]Ar)s
(0.081 g, 0.125 mmol) was chilled to —35 °C. To this cold solution, excess solid Sg was
added. The reaction mixture was stirred for 2 h and was allowed to warm to room
temperature. 'H NMR indicates an incomplete consumption of the starting material and
formation of two new products: (1]3 -P3)Mo(N[i-Pr]Ar); and a paramagnetic compound.

Reaction of PMo(N[i-Pr]Ar); with thallium triflate. There is no reaction of PMo(N[i-
Pr]Ar); with TIOTf (1 equiv) in tetrahydrofuran after 8 h at 22 °C.

Reaction of PMo(N[i-Pr]Ar); with carbon dioxide. PMo(N[z-Pr]Ar); does not react
with 1 atm CQO, in diethyl ether after 24 h at 22 °C.

Reaction of PMo(N[i-Pr]jAr); with diphenyldisulfide. PMo(N[i-Pr]Ar); does not react
with 0.5 equiv PhSSPh after 24 h at 22 °C.

Reaction of PMo(N[i-Pr]Ar); with triphenylboron. A pentane solution of PMo(N[i-
Pr]Ar); and BPh; displays no reaction after 23 h at 22 °C.

Synthesis of [(Ar[i-Pr]N);Mo](u-P)[Mo(N{[z-Bu]Ar);] (2-P-3). Addition of an orange-
brown Et;0 solution of Mo(N[#-Bu]Ar); (3) to a yellow Et,O solution of PMo(N[i-PrAr);
(2-P) results in a color change to red-purple upon mixing. After 30 minutes the solvent
was removed in vacuo, and the product was recrystallized from Et,O at —35 °C. pesr
(CeDg) = 2.08 ps. 'H NMR (500 MHz, C¢Dg): & = 7.81 (Avy, = 1370 Hz), 7.00, 6.75
(Avy, = 20 Hz), 6.53 (27H, tert-butyl, Avy, = 86 Hz), 5.90 (Avy, = 28 Hz), 2.73 (18H, aryl
methyl, Avy, = 19 Hz), 2.68 (Avy, = 105 Hz), 2.58 (18H, aryl methyl, Avy, = 10 Hz) ppm.
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’H NMR (77 MHz, C¢Hg) (using 1-dig): 2.54 (Avy, = 15 Hz) ppm. UV-Vis (toluene, 0.3
mM): 350 (e = 7360 M™"), 520 (¢ = 5150 M™") nm.

Reaction of PMo(N[i-Pr]Ar); with (PhCC)Mo(N[i-Pr]Ar);. Upon mixing CeDs
solutions, the reaction mixture turns green. Monitoring reaction by *'P NMR reveals a
reaction. After 10 minutes, >'P NMR shows some unreacted starting material, and two
new peaks: 0 = 485, 96 ppm. After 4 h, the peak at & = 485 ppm has disappeared,
leaving only the peak at & = 96 ppm. When all (PhCC)Mo(N[i-Pr]Ar); is consumed,
some PMo(N[i-Pr]Ar); remains.

Reaction of PMo(N[z-Bu]Ar); with (PhCC)Mo(N[i-Pr]Ar);. No reaction of PMo(N|[z-
Bu]Ar); with (PhCC)Mo(N[i-Pr]Ar); occurs over 48 h at 22 °C in CgDg.

Competition experiment: Reaction of PMo(N[i-Pr]Ar); and P; with Mo(H)(nz-
Me,C=NAr)(N[i-Pr]Ar); in the presence of PPhs. A benzene-ds solution (ca. 1 mL) of
P4 (0.012 g, 0.096 mmol) and PMo(N[i-Pr]Ar); (0.062 g, 0.095 mmol, 0.99 equiv) was
prepared. To this solution was added a benzene-dg solution (ca. 1 mL) of Mo(H)(n’*-
Me,C=NAr)(N[i-Pr]Ar), (0.056 g, 0.096 mmol, 1 equiv) and an integration standard,
PPh; (0.025 g, 0.096 mmol, 1 equiv). After the solutions were combined at 22 °C, they
were allowed to stir for ca. 3 h. Upon mixing a color change from yellow-brown to red-
purple was observed. Examination of the reaction mixture after 3 h by "H NMR revealed
a nearly equimolar mixture of PMo(N[i-Pr]Ar); (para, 3H) and PPh; (ortho, 6.12H) and
presence of (u-P)[Mo(N[i-Pr]Ar)s},.

2.7.3 Electrochemical Measurements.

Electrochemical measurements were performed in THF solution containing the
desired compounds and 0.5 M [(n-Bu)4N][PFs]. In a typical procedure, 5 mg of the
complex was dissolved in 0.75 mL of THF. To the solution was added 0.75 mL of a
saturated THF solution of [(n-Bu)4N][PFs]. A platinum disk (1.6 mm diameter,
Bioanalytical Systems), a platinum wire and a silver wire were employed as the working,
auxiliary, and reference electrodes, respectively. The electrochemical response was
collected with the assistance of an Eco-Chemie Autolab potentiostat (pgstat20) and the
GPES 4.3 software. An IR correction drop was always employed due to the high
resistance of the solutions. A typical resistance value measured with the positive
feedback technique for these solutions was 975 Q. All of the potentials are reported with
respect to the ferrocene/ferrocenium couple measured externally.

2.7.4 Crystallographic Structure Determinations.

The X-ray data collections were carried out on a Siemens Platform three-circle
diffractometer (Mo Ko, A = 0.71073 A) mounted with a CCD detector and outfitted with
a low-temperature, nitrogen-stream aperture (189 K). The structures were solved by
direct methods, in conjunction with standard difference Fourier techniques and refined by
full-matrix least-squares procedures. Selected bond distances and angles are supplied in

76




Tables 2.1 and 2.2. A summary of crystallographic data is given in Table 2.4, with full
details found in Appendix 2. The systematic absences in the diffraction data are uniquely
consistent with the assigned space group of P2,/c for [Na(THF)][2,-u-P] and P2,2,2, for
2-P. These choices led to chemically sensible and computationally stable refinements.
An empirical absorption correction (y-scans) was applied to all data sets. All software
for diffraction data processing and crystal-structure solution and refinement are contained
in the SHELXTL (v5.10) program suite (G. Sheldrick, Siemens XRD, Madison, WI).

Table 2.4: Crystallographic parameters for [Na(THF)][2,-p-P] and 2-P.

[Na(THF)][2;-u-P]  2-P

formula CyH 9aNgMo,PNaO  C;33H4sN3MoP
fw 1291.46 613.67

space group P2\/c P2,2,2,

a, A 17.724(4) 10.493(4)

b, A 17.853(4) 10.985(4)

c, A 22.301(5) 58.45(2)

o, deg 90 90

B, deg 96.392(5) 90

Y, deg 90 90

v, A 7013(3) 6737(4)

z 4 8

cryst description red-purple block yellow block
Deateg, g-m™ 1.223 1.210

i (Mo Ka), mm™

F(000) 2736 2592

GOF on F* 1.213 1:325

R(F), %° 0.1061 0.0909
RU(F), %" 0.1745 0.2070

“ Quantity minimized = Ry(F%) = X[W(F,> — FEVEIWFAM'"; R = TAIX(F), A= ((Fy — Fo)|, w=
V[62(F.2) + (aP)* + bP), P = [2F 2 + Max(F,,0)}/3.

2.7.5 General Considerations: Stopped-flow kinetics.

Toluene (anhydrous, 99.8%, Acros) was purified further by the method of
Grubbs.®® Toluene solutions of the reagents were prepared in a Vacuum Atmospheres
glovebox filled with argon. Kinetic measurements were performed at temperatures from
—80 to 25 °C using a Hi-Tech Scientific (Salisbury, Wiltshire, UK) SF-43 Multi-Mixing
CryoStopped-Flow Instrument in diode array and single wavelength modes. The
stopped-flow instrument was equipped with stainless steel plumbing, a stainless steel
mixing cell with sapphire windows, and an anaerobic gas-flashing kit. The instrument
was connected to an IBM computer with IS-2 Rapid Kinetic software (Hi-Tech
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Scientific). The temperature in the mixing cell was maintained to +0.1 K, and the mixing
time was 2 ms. The driving syringe compartment and the cooling bath filled with
heptane (Fisher) were flushed with argon before and during the experiments, using
anaerobic kit flush lines. All flow lines of the SF-43 instrument were extensively washed
with degassed, anhydrous toluene before charging the driving syringes with reactant
solutions. The experiments were performed in a single-mixing mode of the instrument,
with solutions of two reagents mixed in a 1:1 (v/v) ratio.

2.7.6 Theoretical Calculations.

The Amsterdam Density Functional package (version ADF2000.02)** was used to derive
the molecular orbitals for [Na(THF)][2,-p1-P] by means of a single point calculation on
the crytallographically-determined structural parameters of the entire molecule. Full
electronic configuration was used for all atoms. Basis sets Zora(IIl) - H, C, N, O, and Na
—and Zora(IV) — P and Mo — were used as implemented in the ADF suite. Relativistic
effects were included by virtue of the zero order regular approximation (ZORA).** The
local density approximation (LDA) by Vosko, Wilk and Nusair (VWN)*® was used
together with the exchange and correlation corrections published by Becke’ and
Perdew,” respectively. All other calculations were completed (4DF2002.02) on
simplified model compounds containing NMe; ligands. These calculations employed full
electronic configuration for all atoms using basis set Zora(V). As above, the local density
approximation (LDA) by Vosko, Wilk and Nusair (VWN)* was used together with the
exchange and correlation corrections published by Becke*” and Perdew, respectively.
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3.1 Introduction

Since the 1995 discovery of kinetically stable terminal phosphide complexes
PMO(N [R]Ar)3 (3-P, R = C(CD3)2CH3; Ar= C6H3M62)2 and PM(MC3SiNCH2CH2)3N (M
= Mo, W; [(Me;SiNCHZCHz)gN]3' = tren),’ it has been of interest to determine the extent
to which sterically demanding amido ligands are required for terminal M—P (M = Mo,
W) triple bond protection. Prior to 1995, attempts to generate and observe terminal
phosphide complexes had primarily focused on ancillary alkoxide ligation. In
Chisholm’s 1988 paper describing Py add1t10n to W,(ONp)s(HNMe,), the intermediacy
of PW(ONp)s is postulated but not observed.* In 1999, reinvestigating prior work of
Becker,”” Scheer and co-workers used low-temperature, solution *'P NMR to probe the
metathesis reaction of W,(O-t-Bu)e with phosphaalkyne PC-t-Bu. A singlet at & = 845
ppm (‘Jwp = 176 Hz) ﬂanked by tungsten satellites was attributed to the reactive
intermediate, PW(O--Bu);.> While the terminal tungsten phosphide could not be
isolated, its stabilization was achieved by the in situ M(CO)s (M = Cr, W) capping of the
terminal phosphide. Following this strategy the asymmetric p-phosphide complex (t-
BuO);W(u-PYW(CO)s was isolated and structurally characterized. Scheer has extended
this methodology to include the synthesis of (THF)(Ar?O);W(u-P)M(CO)s (M = Cr, Mo,
and Ar? = 2,6-C¢H3Me,).” However, to date, kinetically stable terminal phosphide
complexes of the type PM(OR); have remained elusive.'

Molybdenum alkylidyne complexes such as Me3SiCH,CMo(OAd); (Ad = 1-
adamantyl, 5-C) are well-defined initiators of alkyne metathesis. An efficient synthesis
of these complexes was devised recently via facile alcoholysis of the amido ligands
belonging to precursor Me3S1CH2CMo(N[z-Pr]Ar)3 (2-C5Y.'° Prior to development of 5-
CS it was shown that 2-C3' did not react with alkynes. After alcoholysis, the reduced
steric constraints about the metal and the increased Lewis acidity of the metal contribute
to the ability of 5-C5' to be an efficient catalyst. Considering the diagonal relationship
between carbon and phosphorus, and the fact that 2- CS' and PMo(N[i-Pr]Ar)s (2-P) are
isolobal, replacement of the amide ligands of 2-P may permit transfer of the phosphorus
atom into an organic molecule via metathesis. Therefore, the same alcoholysis strategy
that was applied to 2- CS' was adapted to the synthesis of the first kinetically persistent
termllnal phosphide complex supported solely by alkoxide ancillary ligation as reported
here.

As addressed in Chapter 2, treatment of molybdaziridine-hydride Mo(H)(n*
Me,CNAr)(N[i-Pr]Ar), (1), ' a synthon for the reactive molybdenum(IIl) tris-amide
Mo(N[i-Pr]Ar); (2), 2 with P4 provides the phosphide-bridged species (u-P)Moy(N[i-
Pr]Ar)s (2,-u-P). Reductive carbonylation of 2,-pu-P enabled cleavage of the phosphide
bridge to produce the salt [Na(12-crown-4),][(OC)Mo(N[i-Pr]Ar)s;] ([Na(12-c-4)2][2-
CO1)) along with neutral, 4-coordinate terminal phosphide 2-P in §ram quantities and 83%
yield." Complex 2-P has a characteristic extremely downfield °'P NMR chemical shlft
of 1256 ppm, and has been the subject of an X-ray crystal structure investigation."?
Theoretical predictions of the properties of alcoholysis products will be discussed below,
in conjunction with a detailed discussion of the compounds resulting from protolytic
replacement of the amide ligands of terminal phosphide 2-P, cyclo-P3 compound 2-1°-Ps,
and molybdaziridine-hydride 1.
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3.2 Results and Discussion

3.2.1 Reaction of PMo(N[i-Pr]Ar); (2-P) with bulky alcohols.

The terminal phosphide PMo(N[#-Bu]Ar); (3-P) does not react with alcohols even
under forcing conditions and extended reaction times. This is presumably due to the
steric protection of the metal afforded by the bulky N[#-BuJAr ligands. In contrast,
PMo(N[i-Pr]Ar); (2-P) reacts quite readily with many commercially available alcohols.
3P NMR spectroscopy was used to assess the consequences of 2-P alcoholysis for more
than 20 different alcohols and related acidic substrates.

Scheme 3.1: Reaction of PMo(N[i-Pr]Ar); (2-P) with 2,6-dimethylphenol. The reaction yielded both C,-
and Cs-symmetric products.
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Addition of three equivalents 2,6-dimethylphenol to a yellow-orange solution of
2-P (20 mM) resulted in rapid formation of a green-brown product. Alcoholysis was
incomplete and [PMo(N[i-Pr]Ar)(OAr?),], was isolated in 51% yield ((6-P)z, Scheme 1).
The remaining amide ligands were not replaced when several additional equivalents of
2,6-dimethylphenol were added to a solution of purified (6-P), followed by extended
heating at 45 °C for 2 d. An X-ray diffraction study revealed a structure of the C»-
symmetric isomer of (6-P),. The structure contains a slightly skewed tetrahedral Mo,P,
core (Mo—P, 2.4951(12) A; Mo—P', 2.3926(12) A) (Figure 3.1, Table 3.1)."'® The P-P
distance (2.086(2) A) is shorter than that in elemental P4 (2.21 A) and that in Chisholm’s
similar tungsten compound W(O-i-Pr)s(py)(u-P2) (2.154(4) A)," but it is slightly longer
than that in Scherer’s compound [Mo,Cp2(CO)4(u-P2)] (2.079(2) A).'¢ 3'P NMR spectra
of (6-P); in C¢Dg showed a mixture of C; and C, isomers in solution. A singlet at § = 235
ppm was assigned to the (6-P),-C; isomer where both phosphorus atoms are magnetically
equivalent and a pair of doublets centered at & = 248 and 238 ppm (Jpp = 366 Hz) was
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assigned to the (6-P),-C; isomer where the phosphorus atoms are magnetically distinct.
No attempt was made to study the possible interconversion of the C; and C isomers.

Figure 3.1: X-ray crystal structure of (6-P), with ellipsoids at the 50% probability level.

Bond Lengths (A) Bond Angles (deg)

Mo-P  2.4951(12) | Mo-02  1.930(3) | P-Mo-P*  50.49(6) | P-Mo-N1 84.96(10)
Mo-P"  2.3926(12) | Mo—03  2.005(3) | P-Mo-Mo" 54.65(3) | P-Mo-02 142.05(9)
P-P’ 2.086(2) | Mo-03" 2.3393) | Mo-P-Mo’ 67.08(3) | P-Mo-03 80.81(8)
Mo-N1  1.940(3)

Table 3.1: Selected bond lengths and angles for (6-P),.

Alcoholysis of 2-P using a bulkier alcohol, 1-adamantanol, led to isolation of
beige, terminal phosphide PMo(OAd); (5-P) that slowly dimerized to form brown
[PMo(OAd)s] ((5-P)2). Isolation of the long-lived (#, = ca. 6 h at 20 °C, toluene, ca. 15
mM) terminal phosphide 5-P was accomplished by precipitation from the n-pentane
reaction mixture followed by filtration. When the alcoholysis was performed in more
polar solvents, it was very difficult to separate the desired product from the protonolysis
product HN[i-Pr]Ar (3 equiv). Compound 5-P has a characteristic 3'P NMR shift at § =
1124 ppm. This value is intermediate between the *'P NMR shift observed for 2-P'* and
transient PW(O--Bu);.2  Over approximately 1 day in toluene solution, 5-P cleanly
dimerized to (5-P), with concomitant appearance of a new °'P NMR signal at § = 188

In the case of 1-methylcyclohexanol, alcoholysis of 2-P provided the kinetically
persistent, monomeric, 4-coordinate terminal phosphide complex PMo(OR); (4-P, R = 1-
methylcyclohexyl, Scheme 3.2). Complex 4-P displays a singlet in the >'P NMR at & =
1130 ppm and was isolated in 57% yield by recrystallization (pentane, —35 °C) as a
yellow crystalline solid. A single-crystal X-ray diffraction study of 4-P revealed the
molecule’s structure as depicted in Figure 3.2.
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Scheme 3.2: Reaction of 2-P with 1-methylcyclohexanol.
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Important structural parameters for complex 4-P include the bond distances (A)
Mol-P1 = 2.1144(16) and Mol1-O1 = 1.857(2), and the bond angles (°) P1-Mo—O1 =
107.79(6) and Mo—O1-C11 = 141.92(16). In the crystal, 4-P exhibits C; symmetry, its
Mo—P triple bond vector being coincident with a 3-fold axis of the R-3¢ space group.
Interestingly, the Mo—P triple bond distance for 4-P is not significantly different than
distances observed for corresponding phosphides stabilized by bulky amide ligands.>* In
this respect the Mo—P triple bond functionality retains its identity independent of the
nature of ancillary ligands. The closest contact from the phosphorus atom of one
molecule to the molybdenum atom of another molecule is 6.887 A, revealing a structure
that is not polymeric in the solid state (Figure 3.3). This is unlike the solid state structure
of NMo(O-#-Bu);, which has close contacts (2.844 A) between the nitrogen from one
molecule and the molybdenum of the next.'” Futher verification of the identity of 4-P
was provided by EI mass spectrometry, where the observed parent ion (M" = 468.1668
g-mol ") corresponds to the intact 4-P monomer (Figure 3.4).

Table 3.2: Selected bonds and angles of 4-P.

Bond Lengths (A) Bond Angles (deg)

Mol-P1 2.1144(16) | P1-Mo1-O1  107.79(6)

Mol1-01 1.857(2) Mol1-01-C11 141.92(16)

01-Cl1  1.456(3)

Figure 3.2: (Left) X-ray crystal structure of 4-P
with ellipsoids at the 50% probability level.
Hydrogen atoms have been removed for clarity.
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Figure 3.3: Unit cell packing diagram of PMo(OMeCy); (4-P) in the solid state. View is perpendicular to
the z-axis. The Mo of one molecule and the P of the next are clearly separate.
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Figure 3.4: Mass spectrum of 4-P (top) and simulation'® (bottom). Asterisk (*) indicates M"; M" =
468.1668 (468.16955) gmol ™.
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Steric bulk appears to be an important factor in the kinetic stabilization of new
terminal phosphides. Alcoholysis using triphenylmethanol (Ph3COH), diphenylethanol
(Ph,MeCOH), and benzhydrol (Ph,HCOH) in ca. 0.1 M solutions enabled a comparison
of the kinetic stability of the resulting terminal phosphides with respect to a progressive
reduction in the steric bulk of the ancillary ligand set. The very bulky triphenylmethanol
reacted slowly with 2-P (ca. 5% conversion after 24 h at 22 °C). The product has a *'P
NMR shift at & = 1238 ppm and a methine peak integrating to 2H in the 'H NMR
spectrum, likely indicating a single protolytic substitution has occurred. Three
equivalents of diphenylethanol reacted with 2-P completely within ca. 3 h at 22 °C
resulting in a new terminal phosphide with & = 1172 ppm. This new phosphide is the
fully substituted PMo(OCMePhy)s, which slowly dimerized (¢, > 3 h) to a product
[PMo(OCMePh;);3], with 8 = 246 ppm. Finally, benzhydrol (or diphenylmethanol)
reacted with 2-P upon mixing to generate exclusively the dimer, characterized by a ip
NMR shift at 228 ppm.

A comparison of 4-P, 5-P and (5-P),, and (6-P); and the three additional alcohols
discussed in the previous paragraph revealed three possible outcomes of alcoholysis of 2-
P. (1) Incomplete alcoholysis results in a new terminal phosphide, PMo(N[i-
Pr]Ar).,(OR),. (2) Complete alcoholysis (or possibly incomplete alcoholysis, as seen in
(6-P)2) leads to a metastable terminal phosphide that dimerizes. (3) Complete alcoholysis
results in a stable terminal phosphide.

Although the steric issue seems to be simple, subtle differences in ligand size can
result in drastically different product composition. This is exemplified by tert-butanol, 1-
adamantanol, and 1-methylcyclohexanol. These three alcohols are similar in size from
the perspective of the metal. As mentioned above, alcoholysis with 1-
methylcyclohexanol generated a crystalline, kinetically stable terminal phosphide 4-P (8
= 1130 ppm) that dimerized only very slowly in solution at room temperature to generate
(4-P), (detected spectroscopically, & = 193 ppm, t, = ca. 12 h at 45 °C). Similarly,
alcoholysis using 1-adamantanol resulted in an isolable terminal phosphide 5-P (6 = 1124
ppm) that dimerized overnight in toluene to the product (5-P), (6 = 188 ppm). In contrast
to these examples, reaction with ferf-butanol resulted in dimerization within minutes of
mixing. From this comparison, it can be concluded that steric protection of the Mo—P
triple bond by the ligand periphery is important to preclude dimerization. Formation of
the Mo,P, core via terminal phosphide dimerization is a process of great interest as well
as potential mechanistic complexity. Chisholm’s recent theoretical study of a related
process involving breakup of isolobal My(CH), (M = Mo, W) alkoxides-supported cores
may be consulted for additional insight.

3.2.2 Reactions of PMo(N[i-Pr]Ar); (2-P) with other acidic reagents.

Reagents other than alcohols will react with 2-P to replace the amide ligands. For
example, benzoic acids (pK, = ca. 11) will react with 2-P to generate dimeric species
(Scheme 3.3). In the specific case of the parent benzoic acid C¢gHsCOOH, reaction
occurs upon mixing 3 equivalents of the acid with 2-P. A brown reaction mixture is
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observed and the product has a >'P NMR shift at 123 ppm. The bulky carboxylic acid
bis-2,6-p-tolylbenzoic acid also reacted with 2-P quickly, generating a dimeric product
with a °'P NMR shift at 127 ppm. Finally, reaction of 2-P with 3 equivalents of bis-2,6-
(3,5-dimethylphenyl)benzoic acid resulted in a new product with a >'P NMR shift at 381
ppm. The product of this latter reaction has a more downfield >'P NMR signal than the
product of the former reaction due to incomplete substitution of the amide ligands.

Scheme 3.3: Reaction of 2-P with bulky carboxylic acids leads to dimerization of the MoP unit.
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In addition to benzoic acids, triphenylsilanol (Ph;SiOH) and 1-adamantylthiol (1-
AdSH) react with 2-P. These two reactions result in formation of new terminal
phosphides, but both products resisted isolation from the greasy mixture of hydrocarbon
solvent of crystallization and the three equivalents of free amine HN[i-Pr]Ar produced
during alcoholysis. In all protonolysis reactions attempted, isolation of the product
molecule was challenging due to the presence of HN[i-Pr]JAr. A general protocol for
isolation involved using pentane as the reaction solvent followed by precipitation or
crystallization from the minimum amount of cold pentane.

While no data has been obtained to directly probe the reaction mechanism of
these protonolysis reactions, it can be suggested that the protolytic agents must
coordinate to 2-P before the amide ligands are replaced. Since no reaction with alcohols
was observed for sterically crowded 3-P, this suggestion appears to have merit. This
hypothesis was verified when the reaction with cyclopentadiene (CpH) was attempted.
The pK, of CpH is approximately 16. This is intermediate between aryl alcohols (pK, =9
— 11), thiols (pK, = ca. 12) and aliphatic alcohols (pK, = 17 — 20). However, with no
electronegative heteroatoms to coordinate CpH to the metal, the acidic proton does not
transfer even after extended reaction time at elevated temperature.

3.2.3 Reactivity of the Mo—P triple bond of 5-P.

As mentioned in the introduction, activation of the Mo-P triple bond by
replacement of the amide ligands of 2-P by alkoxides is a highly desired goal. This
reactivity could permit, for example, access to straightforward, metathetical generation of
phosphaalkynes. Conventional methods for phosphaalkyne production involve harsh
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reducing conditions (NaK) precluding the generation of products containing sensitive
functional groups.”® In contrast, metathesis is a relatively mild mode of reactivity that
should permit synthesis of previously unobserved phosphaalkynes.”’

One equivalent of 3-hexyne was added to a benzene-ds solution of PMo(OAd);
(5-P), and the reaction mixture was monitored over one day using 'H and *'P NMR
spectroscopy. During this time, no change was observed in the alkyne while 5-P
underwent dimerization to form (5-P),. Subsequently, 5-P was dissolved in neat 3-
hexyne and the reaction mixture was stirred for approximately 12 h. After this time, p
NMR showed exclusive formation of (5-P), with no activation of the alkyne. Other
unsaturated substrates were investigated (see list below), but no reactivity was
observed.?

2-butyne phenyl acetylene mesityl azide tert-butyl nitrile
3-hexyne tert-butyl isocyanide trimethylsilyl azide acetonitrile

Other unsaturated substrates which might be of interest include group 6 nitrides
and phosphides such as NMo(O-#-Bu); and 2-P. Reaction of 5-P with these compounds
would potentially result in dimers like that which results when the phosphide itself
dimerizes. These would be of special interest when nitrides are chosen as the substrate,
as the product would contain a P=N unit suspended between the two metal units.
Unfortunately, these compounds also do not demonstrate any reaction with 5-P. In the
future, it may be interesting to use more reactive metal nitrides such as NW(N[i-Pr]Ar),>
or NW(O-£-Bu)3,** since these compounds are known to have less covalent M—N bonds
(with some 8~ on the nitride ligand) than the corresponding molybdenum complexes.?

While no metathetical reactions were observed, PMo(OMeCy); (4-P) did react
with Mo(H)(1>-Me,CNAr)(N[i-Pr]Ar); (1) and Mo(N[z-Bu]Ar); (3). In both cases, an
asymmetric p-phosphide was generated. The product of the reaction between 1 and 4-P
is (Ar[i-Pr]N);sMo(p-P)Mo(OMeCy); (2-P-4). Compound 2-P-4 is red-purple, and it
appears to be kinetically stable at temperatures at or below 25 °C. In contrast, the
product of the reaction between 3 and 4-P, (Ar[#-Bu]N)sMo(u-P)Mo(OMeCy)s (3-P-4),
gradually decomposed at 25 °C to PMo(N[#-Bu]Ar); (3-P) and unidentified molybdenum
alkoxide products. Behavior as a phosphorus-atom transfer reagent is similar to that seen
for NMo(O-#-Bu)s, which was observed to transfer a nitrogen atom to 3.2

3.2.4 Reaction of (n3-P3)Mo(N[i-Pr]Ar)3 (2-n3-P3) with alcohols.

As was introduced in Dr. Marc Johnson’s thesis** and elaborated upon in Chapter
2 of this thesis, a cyclo-P; compound (2-n°-P3) can be synthesized when
molybdaziridine-hydride 1 is slowly added to a toluene solution of white phosphorus.
While this compound is not particularly susceptible to reactions at its cyclo-P3 moiety, it
reacts with small- and medium-sized alcohols to replace its amide ligands. This is readily
understood when the frontier molecular orbitals of 2-n-P; are investigated (Chapter 2,
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Figure 2.6). The HOMO is primarily composed of the lone pairs on the amide ligands,
which are the most basic locations of the molecule. Hence, the acidic proton of an
alcohol reacts at the amide ligands.

Three equivalents of cyclohexanol reacted with 2-1°-P;3 in toluene at 75 °C after
approximately 20 h. Characteristic yellow-orange, fibrous 2-11°-P; was replaced by a
significantly more hydrocarbon soluble, orange, crystalline product, (m*-
P3)Mo(OCy);(HN[i-Pr]Ar) (7-P3-HN[i-PrJAr). This compound was characterized by 'H
and >'P NMR; from '"H NMR spectroscopy it was evident that complete substitution had
occurred, and the presence of a *'P NMR shift at § = —185 ppm suggested that the cyclo-
P; moiety was intact. The structure was definitively characterized by single-crystal X-ray
diffraction (Figure 3.5, Table 3.4). The cyclo-P; moiety is an equilateral triangle with
P-Mo bond lengths of approximately 2.14 A. The cyclohexanoxide ligands are oriented
toward the cyclo-P; unit, leaving a pocket in which the amine molecule HN[i-Pr]Ar
coordinates. Compound 7-P3-HN[i-Pr]Ar is structurally very similar to a compound
presented by Chisholm et al., (113-P3)W(ONp)3(HN[i-Pr]z).27 In this compound, the P-P-
bond lengths are 2.155(4) A and the P-W distances are 2.4930(25) A. Both values are
the same, within 3o, as those in compound 7-P3-HN[i-Pr]Ar.

Figure 3.5: X-ray crystal structure of (m*-P3)Mo(OCy)s(HN[i-Pr]Ar) with ellipsoids at the 50%
probability level. Hydrogen atoms have been removed for clarity, except for the amine hydrogen, which
is placed in a calculated position.

Bond Lengths (A) Bond Angles (deg)

P1-P2  2.145(2) P2-Mo 2.4868(14) | P1-P2-P3  59.83(6) | P1-Mo-02 89.31(10)
P2-P3  2.133(2) P3-Mo 2.5028(14) | P2-P3-P1  60.25(6) | P1-Mo-0O3 133.03(10)
P3-P1  2.136(2) Mo-01 1.903(3) P3-P1-P2  59.92(6) | O1-Mo-N4 75.54(12)
Mo-N4  2.467(3) Mo-02 1.900(3) P1-P2-Mo 64.84(5) | 02-Mo-N4 76.30(12)
P1-Mo 2.5002(14) | Mo—O3 1.883(3) P1-Mo-O1 87.41(10) | O3-Mo-N4 77.68(12)

Table 3.3: Selected bond lengths and angles for (m*-P3)Mo(OCy);(HN[i-Pr]Ar).
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The long bond (2.467(3) A) between the amine nitrogen and molybdenum is at
the limit of being considered a single bond. This distance exceeds the sum of the
covalent radii of the two atoms (2.20 A). Corresponding to what appears to be a weak
bond in the solid state, a solution phase 'H NMR spectrum of this compound in C¢D¢ was
consistent with complete dissociation of the base. The spectrum did not reflect any shift
in the resonances assigned to HN[i-Pr]Ar due to coordination as compared to the values
observed for the free amine.

Attempts to synthesize base-free 7-P3 were unsuccessful. For example, addition
of excess methyl iodide did not quaternize the amine of 7-P3-HN[i-Pr]Ar. More strongly
coordinating bases displaced HN[i-Pr]Ar from 7-P;-HN[i-Pr]JAr. For example,
triethylenediamine (DABCO, CgHj;N,), a cage-shaped base with nitrogen atoms at
opposite ends, reacted with 7-P3-HN[i-Pr]Ar to form the yellow, crystalline, dimeric
product (m*-P3)Mo(OCy)3(NCeH 2N)(OCy)sMo(n -P3) ((7-P3),-DABCO).

3.2.5 Reaction of Mo(H)(nz-MeZC=NAr)(N [i-Pr]Ar); with bulky alcohols.

There are no known examples of three-coordinate group 6 metal complexes
supported by alkoxide ligands. Attempts to synthesize this genre of molecule from
MoCl3(THF); and lithium alkoxides have only resulted in formation of dinuclear
compounds containing molybdenum-molybdenum triple bonds. However, using our
metallaziridine-hydride masking strategy, reactive, low-valent compounds of this sort
may be attainable.

Synthesis of molybdaziridine-hydride 1 is only possible when a lithium amide
containing a secondary alkyl substituent is added to MoCl3(THF);. B-Elimination from
one of the amide ligands results in the Mo(V) product. In contrast, even when secondary
alcohols are added to MoCl3(THF);, the dinuclear compound Moy(OR)s results.
Following the alcoholysis strategy presented above, addition of secondary alcohols to
molybdaziridine hydride 1 could result in formation of the molybdaoxirane-hydride
Mo(H)(m*-0=CR,)(OR), (8) (Scheme 3.4). Isolation of this compound could permit
direct synthesis of alkoxide-supported terminal phosphides and their dimers from P.

Scheme 3.4. Alcoholysis of molybdaziridine-hydride 1 with a secondary alcohol (HOCHR;); L = N[i-
Pr]Ar.
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Addition of three equivalents of the secondary alcohol cyclohexanol to a solution
of molybdaziridine-hydride 1 in diethyl ether resulted in formation of a product with the
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formula 1,1,2-Mo,(OCy)3(N[i-Pr]Ar); containing a molybdenum-molybdenum bond
(Figure 3.6).  X-ray crystallography revealed a Mo~Mo bond length of 2.2315(4) A,
consistent with a triple bond. The amide and alkoxide ligands are positioned in a gauche
(staggered) conformation.”®” The N1-Mol-Mo2-06 dihedral angle is 177.7°, the
N2-Mo1-Mo2-N4 dihedral angle is 178.2°, and the O3-Mo1-Mo2-05 dihedral angle
is 178.0°. Two of the alkoxide ligands (O3 and OS5) are anti to one another, and the
corresponding Mo—O bond lengths are both 1.924 A (Table 3.4). Similarly, two of the
amide ligands (N2 and N4) are anti to one another, with Mo—N bond lengths of 1.944 A.
The remaining two ligands, alkoxide O6 and amide N1, are anti to one another making
their bonds to molybdenum different lengths than the ligands already discussed by virtue
of a through-bond trans effect. The Mo2-06 bond length is 1.888(2) A, somewhat
shortened from the other two molybdenum-alkoxide bond lengths. In contrast, the
Mol1-N1 bond length is 1.998(3) A, a longer bond than the other molybdenum-amides
here.

Figure 3.6: X-ray crystal structure of Mo,(OCy)3(N[i-Pr]Ar); with ellipsoids at the 50% probability level.
Hydrogen atoms have been removed for clarity. (Left) View approximately perpendicular to Mo-—-Mo
bond; (right) view parallel to Mo—Mo bond.

Table 3.4: Selected bond lengths and angles of 1,1,2-Mo(OCy)s(N[i-Pr]Ar);.

Bond Lengths (A) Bond Angles (deg)
Mol-Mo2 2.2315(4) | Mol-Mo2-N4 102.41(7)
Mol-N1 1.998(3) | Mo1-Mo2-05 103.42(6)
Mol-N2 1.946(2) Mol-Mo2-06 105.89(6)
Mo1-03 1.923(2) Mo2-Mo1-N1 102.83(7)
Mo2-N4 1.943(2) | Mo2-Mol1-N2 100.99(7)
Mo2-05 1.925(2) Mo2-Mo1-03 98.52(8)
Mo2-06 1.888(2)
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While a similar molecule, 1,1,2-Moy(O-1,2-C¢H3Ph;)3(NMe,);, has been reported
by Rothwell et al,®® no examples of 1,1,2-Moy(OR);(NR;); have been
crystallographically characterized. However, the compound is generally similar to other
Mo;(OR)s and Moy(NR3)s compounds,30 and the bond lengths and angles are
unremarkable. The closest structural comparison would be to the compound 1,2-
Moy(NMey)2(0-2,6-CsH3iMe,y)s, which has a staggered arrangement of ligands with the
amides anti to one another.’' The Mo—Mo bond length in this species is 2.227(1) A,
which is slightly shorter than the corresponding distance in 1,1,2-Mo,(OCy)3(N[i-Pr]Ar)s.
Presumably, this is due to both electronic and steric contributions from the three amide
ligands. The Mo—O bond lengths, 1.926(3) A and 1.961(3) A, are similar to the alkoxide
ligands anti to one another. The Mo—N bond length is 1.908(4) A, somewhat shorter than
the molybdenum-amide bond lengths observed for 1,1,2-Mo,(OCy);(N[i-Pr]Ar);
attributable to steric pressure.

3.3 Theoretical Section

3'Pp NMR chemical shift calculations (ADF2002.02)** were carried out on several
model systems including PMo(NMe;); (2-P-m), PMo(OMe); (4-P-m) and [PMo(u-
OH)(OH)(NH3)]2 ((6-P),-m) whose geometries were optimized based upon X-ray
structural parameters of 2-P, 4-P and (6-P),.* The details of the calculation on 2-P-m
were reported in Chapter 2; the calculated *'P NMR shift was & = 1250 ppm. We
obtained for terminal phosphide model compound 4-P-m a calculated chemical shift of &
= 1141 ppm, while for the dimer (6-P),-m the calculated chemical shift is & = 203 ppm.’
These values are in good agreement with data for the experimental systems reported
herein. .

Density functional theory was further utilized to probe the change in *'P NMR
shift with successive protolytic substitutions of the amide ligands of terminal phosphide
2-P. Again, the simplified molecule 2-P-m was used to approximate 2-P, while 4-P-m
was used to approximate the corresponding alcoholysis product 4-P. The *'P NMR shifts
for the intermediate substitution products PMo(NMe;),(OMe) and PMo(NMe;)(OMe),
were also calculated (Figure 3.7). In most cases of 2-P alcoholysis, incompletely
substituted monomers were not observed. Nonetheless, these results could provide
Product confirmation in the cases where incomplete alcoholysis was suspected based on
H NMR spectroscopic observations, but where definitive structural characterization was
not possible. Furthermore, these calculated *'P NMR shifts may prove to be a helpful
predictive tool in future chemistry.

In all model compounds, the Mo—P bond vector was defined as the z-axis, with
the x- and y-axes perpendicular. This standard permitted an analysis of the components
of the isotropic shift (8i). The three-fold symmetry of both PMo(NMe;); and
PMo(OMe); was reflected by the equivalency of the calculated shift tensors 8;; and &,,
and their strong paramagnetic deshielding. Shift tensor 833 is aligned with the P-Mo
triple bond and the system’s z-axis along which the paramagnetic shielding approaches
zero (in linear molecules). The value is small due to little paramagnetic shielding.>* The
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isotropic shift and shift tensors were calculated for the four model compounds and the
results are tabulated below (Table 3.1).

For the approximately C; symmetric PMo(NMe,); and PMo(OMe)s, the values of
811 and &,; are nearly equal indicating an axially symmetric chemical shielding tensor.
These are derived from rotational mixing in the presence of an applied field of HOMO-2
(2-P-m) or HOMO-1 (4-P-m) (c bond, P p,— Mo d2) with the degenerate LUMO (n*, P
px — Mo dy; and P p, — Mo dy;). In contrast, the compounds PMo(NMe,),(OMe) and
PMo(NMe,)(OMe), have significantly different values for 8,; and 82, (Ad = ca. 120 ppm)
due to the lower symmetry of the systems. For these compounds, 8, is derived from the
HOMO-3 (o, P p,— Mo d,2) to LUMO +1 (n*, P py — Mo dy, or P py— Mo dy,) transition.
The shift tensors 8, are derived from rotational mixing in the presence of an applied field
of HOMO-1 (n, P px— Mo dy; or P py— Mo d,,) with the LUMO (n*, P p,— Mo dy,or P
py— Mo dy,).
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0 1 2 3

Number of Alkoxide Ligands

Figure 3.7: Graphical representation of the calculated 3P jsotropic chemical shifts (8;,,) for 2-P-m,
PMo(NMe,),(OMe), PMo(NMe;)(OMe),, and 4-P-m (left to right).

Table 3.5: Calculated principal components of the *'P chemical shift tensor for the model compounds
PMo(NMe,),(OMe), (m + n = 3). The chemical shift tensor component ;3 is aligned with the Mo-P
vector and is coincident with the z-axis.

Siso 11 022 O33
PMo(NMe,); 1250 1841 1841 70
PMo(NMe,),(OMe) | 1216 1919 1809 -81
PMo(NMe;)(OMe), | 1172 1933 1801 -218
PMo(OMe); 1137 1867 1852 -311
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The relétionships among the frontier molecular orbitals of 2-P-m,
PMo(NMe;)2(OMe), PMo(NMe;)(OMe),, and 4-P-m are depicted below (Figure 3.8).
Each energy level below ca. —4 eV represents an orbital containing two electrons. The
four compounds have similar HOMO-LUMO gaps, but they are significantly different
electronically. Overall, the alkoxide-substituted compounds are lower in energy than 2-
P-m. The HOMO-1 of 2-P-m and the HOMO of 4-P-m are degenerate m orbitals
composed of P py, py, overlap with Mo dx,, dy,. However, because of the loss of Cj,
symmetry in the intermediate substitution models, the degeneracy of the corresponding n
orbitals of PMo(NMe;),(OMe) and PMo(NMe,)(OMe);, has been broken. The n* orbitals
are split similarly. Importantly, the ligand lone pairs are at sequentially lower energies
with successive alcoholyses. This corresponds to the electronegativity difference, and
corresponding Lewis basicity difference, between nitrogen and oxygen.

0
s J—
emere——
Bl
S —
e —————— =,
.,
Vo,
.
\’ﬁ..‘ U’*
- S —————— p——
e —_—
—
- m.-"""-n. "
.
\“\
i
2 iy
=, - *
2 E \-”—“ 1 4
-
4
*,
.
S ", “a
5 F "‘Lh S
.
K e "
e,
) N S
————n— ““‘"“"“'——‘.‘x i VI S
B 4
n
\,\h‘
W o
N

7l
PMo(hMe;l;  PMo{NMey),(OMa) PMaiNMey)(OMe); PMolOMe);

Figure 3.8: Molecular orbital energies (eV) of 2-P-m, PMo(NMe;),(OMe), PMo(NMe,)(OMe),, and 4-P-
m. Dashed lines connect orbitals of the same type: c* (P p,— Mo d,?), n* (P py, py — Mo dy,, dy), T (P py,
py—Mo dy, dy,), 6 (P p,— Mo d;?), and ligand lone pairs (Ip, N p,, py or O py, py).

As mentioned above, PMo(OAd); (5-P) did not react with internal alkynes that
the alkylidyne 5-C5' metathesized. This was somewhat surprising since the HOMO and
LUMO of 4-P-m are orbitals of appropriate symmetry to react with an alkyne. Geometry
optimization of three additional compounds, MeCMo(OMe);, 2-butyne, and
methylphosphaalkyne, permitted a determination of the energy of the metathesis reaction
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(AHxy). Calculated with ADF2000.02, the metathetical reaction with alkynes is uphill by
approximately 19 kcal'mol™, thus giving an explanation for lack of observation of this
reaction.

MeCMo(OMe),
........ l_ + PCMe

80.12 kJd/mol

PMo(OMe),
+ MeCCMe

Figure 3.9: Theoretically determined AH\x, for the metathesis of 2-butyne with PMo(OMe); to form
methylphosphaalkyne and MeCMo(OMe)s. The reaction is approximately 19 kcal'mol™ uphill.

3.4 Conclusions

Addition of protic reagents to terminal phosphide 3-P did not result in a reaction
due to the steric congestion at both molybdenum and the amide nitrogens. In contrast,
addition of the same reagents to 2-P resulted in formation of two new types of molecules.
Simple replacement of the amide ligands by alkoxides, using alcohols as the proton
source, allowed the isolation and characterization of two new terminal phosphides of
molybdenum, PMo(OMeCy); (4-P) and PMo(OAd); (5-P). Addition of less bulky
alcohols generally resulted in dimerization of the Mo—P moiety, leading to a Mo,P,
pseudo-tetrahedrane structure, for example [PMo(OAr?)(N[i-Pr]An)]> ((6-P),). A
summary of these reactions and other reactions with acidic reagents not discussed here
are presented in Table 6.

Although terminal phosphides like 4-P were proposed to have enhanced reactivity
(compared to amide supported systems like 2-P) toward unsaturated substrates like
alkynes, no reaction was observed. The molybdenum in 4-P is more Lewis acidic than
that in 2-P due to a significant reduction in © donation from the ancillary ligands, and it is
sterically more accessible. However, a theoretical calculation showed metathesis of
alkynes by 4-P to form phosphaalkynes is significantly energetically uphill.

100




Table 3.6: *'P NMR shifts (5, ppm) for protonolysis products of 2-P with the listed reagents. *'P NMR
shifts for the dimerized products of kinetically metastable terminal phosphides are shown parenthetically.

-benzoic acid

Acidic Reagent 'p NMR shift | n | m Characterization
248 (d, /=366 Hz)
2,6-dimethylphenol 238 (d,J=366Hz)| 2 | 4 incompletely substituted dimer
235
1124
1-adamantanol 013 metastable monomer
(188)
1130
1-methylcyclohexanol 013 monomer
(193)
triphenylmethanol 1238 2 | 1| incompletely substituted monomer
1,1-diphenylethanol (1214762) 013 metastable monomer
benzhydrol 228 013 dimer
. 1336 2 | 1| incompletely substituted monomer
2,6-diphenylphenol 1301 1 | 2 | incompletely substituted monomer
1320 2 [ 1 | incompletely substituted monomer
2,6-diisopropylphenol 1277 1 | 2 | incompletely substituted monomer
1273 013 monomer
2-tert-butyl-6-methylphenol 1276 1 | 2 | incompletely substituted monomer
2-phenylphenol 265 03 dimer
2-tert-butylphenol 240 013 dimer
2-methoxyphenol 216 013 dimer
2-adamantanol 180 01]3 dimer
cyclohexanol 7-392 013 dimer(s)
cycloheptanol 0-400 03 dimer(s)
sec-phenethyl alcohol 189 013, dimer
exo-norborneol 0-280 013 dimer(s)
menthol 221 013 dimer
. . 1209
triphenylsilanol 013 metastable monomer
327)
1-adamantyl thiol 1240 0 monomer
benzoic acid 123 0 dimer
bis-2,6-p-tolylbenzoic acid 127 0 dimer
© bis-2,6-(3,5-dimethylphenyl) 381 112 dimer

cyclopentadiene

no reaction
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3.5 Experimental Section
3.5.1 General Considerations.

Unless stated otherwise, all operations were performed in a Vacuum Atmospheres
drybox under an atmosphere of purified nitrogen or using Schlenk techniques under an
argon atmosphere. PMo(N[i-Pr]Ar); was prepared as previously described.” Diethyl
ether, n-pentane, and toluene were dried and deoxygenated by the method of Grubbs.”’
THF was distilled from purple Na/benzophenone and collected under nitrogen. C¢Dg was
degassed and dried over 4 A molecular sieves. All alcohols were purchased from
Aldrich, dissolved in anhydrous THF, and passed through activated alumina three times
before use or were vacuum distilled from sodium. Bulky benzoic acids were received as
a gift from the S. J. Lippard group, and were recrystallized from anhydrous diethyl ether.
Other chemicals were purified and dried by standard procedures or were used as received.
Celite, alumina and 4 A molecular sieves were dried in vacuo overnight at a temperature
above 200 °C. 'H, PC, and *'P NMR spectra were recorded on Varian Mercury-300 or
Varian INOVA-500 spectrometers. 'H and >C chemical shifts are reported with respect
to internal solvent (CsDs, 7.16 and 128.39 ppm, respectively). *'P chemical shifts are
reported with respect to external reference (85% H3PO,, 0.0 ppm). X-ray data collections
were carried out on a Siemens Platform three-circle goniometer with a CCD detector
using Mo-K,, radiation, A = 0.71073 A. The data were processed utilizing the program
SAINT supplied by Siemens Industrial Automation, Inc. C, H, and N elemental analyses
were performed by H. Kolbe Mikroanalytisches Laboratorium, Miilheim an der Ruhr,
Germany.

Reaction of PMo(N[z-Bu]Ar); with cyclohexanol. A toluene solution of 0.130 g (0.192
mmol) PMo(N[#Bu]Ar); and 0.061 g cyclohexanol (3.1 equiv, 0.611 mmol) was sealed
in a Schlenk flask. The headspace was evacuated and the reaction mixture was heated at
66 °C for 12 h. No reaction was observed, assayed by 'H and *'P NMR spectroscopies.

Synthesis of [PMo(N[i-Pr]Ar)(0-2,6-C¢H;Me;),;];. To a diethyl ether solution (5 mL)
of 1396 g PMo(N[i-PrlAr); (1.396 g, 0.214 mmol) was added 2 equiv 2,6-
dimethylphenol (0.055 g, 0.452 mmol) in Et;0 (5 mL). After stirring for 1 h at 20 °C, the
solvent was removed in vacuo. The oily brown residue was extracted with the minimum
amount of Et;0 and the product was crystallized at —35 °C to give green-brown needles
(0.059 g, 0.055 mmol, 51%). 'H NMR (500 MHz, C¢Ds): The 'H NMR spectrum of
[PMo(N[i-Pr]Ar)(0-2,6-CsH3sMe;),}, is very broadened. All peaks occur between
approximately 8 ppm and 0 ppm. *'P NMR (202 MHz, C¢De): & = 242.9 (dd, J = 366
Hz), 235 (s) ppm. Anal. Calcd. for CssHesNaMo0,04P;: C, 61.01; H, 6.44; N, 2.63.
Found: C, 60.86; H, 6.36; N, 2.35.

Synthesis of PMo(OAd);. To an orange, n-pentane solution (150 mL) of PMo(N[i-
Pr]Ar); (1.705 g, 2.62 mmol) was added a n-pentane suspension of 1-adamantanol (1.212
g, 7.87 mmol, 3 equiv). After stirring for one hour, the reaction mixture had become
brown. The reaction mixture was cooled to —35 °C and the sparingly soluble product was
isolated by vacuum filtration as a beige powder (0.5821 g, 1.00 mmol, 38%). 'H NMR
(500 MHz, C¢Dg): 8 =2.24 (18H, d, J = 2.5 Hz), 2.14 (9H, s), 1.57 (18H, dd, J = 32.5
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Hz, J=11.5 Hz) ppm. 3C NMR (75 MHz, C¢D¢): & = 78.47 (quaternary), 45.80 (CH,),
36.79 (CHy), 32.09 (CH) ppm. *'P NMR (121 MHz, C¢D): &= 1124 ppm.

Synthesis of [PMo(OAd)s],. A solution (ca. 15 mM) of beige PMo(OAd); in toluene
was prepared and allowed to stir at 22 °C overnight. After this time, 'H and *'P NMR
spectroscopies indicated complete conversion of the terminal phosphide to the desired
brown, dimeric product [PMo(OAd);],. This compound exhibits increased solubility in
hydrocarbon solvents (e.g. n-pentane) when compared to the starting material
PMo(OAd);. 'H NMR (300 MHz, CsDe): & = 2.37 (18H, d, J = 2.1 Hz), 2.19 (9H, s),
1.62 (18H, dd, J = 39.2 Hz, J = 11.7 Hz) ppm. "C NMR (75 MHz, C¢D¢): & = 83.82
(quaternary), 46.46 (CHy), 37.12 (CH,), 32.21 (CH) ppm. *'P NMR (202 MHz, C¢D¢): &
= 188 ppm. Anal. Calcd. for CeoHgoM0,06P2: C, 62.06; H, 7.81. Found: C, 63.10; H,
7.78.

Synthesis of PMo(OMeCy);. To an orange, n-pentane solution of PMo(N[i-Pr]Ar);
(1.156 g in 8 mL n-pentane, 1.77 mmol, 1 equiv) was added 2 mL of a n-pentane solution
of 3 equivalents of 1-methylcyclohexanol (0.606 g, 5.32 mmol). The reaction mixture
was stirred for 1 h, during which time a gradual color change from orange to brown was
noted. After the designated reaction time, the solvent was removed in vacuo. The oily
brown residue was extracted with 2 mL n-pentane and the yellow product was
recrystallized at —35 °C (0.477 g, 1.02 mmol, 57.6%). "H NMR (500 MHz, C¢D¢): & =
2.20 (6H, m, o to quaternary), 1.64 (6H, m, o to quaternary), 1.63 (9H, methyl), 1.49
(3H, m, y to quaternary), 1.42 (12H, m, B to quaternary), 1.21 (3H, m, y to quaternary)
ppm. “C NMR (125 MHz, C¢D¢): & = 80.76 (s, quaternary), 39.63 (t, o to quaternary),
30.69 (q, methyl), 26.33 (t, y to quaternary), 23.43 (t, B to quaternary) ppm. >'P NMR
(121 MHz, C¢Dg): & = 1130 ppm. Anal. Calcd. for C;;H3oMoOsP: C, 54.07; H, 8.43.
Found: C, 54.85; H, 8.80. EI-MS M calcd (found): 468.1691 (468.1664) g/mol.

Dimerization of PMo(OMeCy); to generate [PMo(OMeCy)s],. Stirring a CgDg
solution of PMo(OMeCy); overnight at 20 °C resulted in partial conversion (ca. 25%) to
the dimer [PMo(OMeCy);]2. Compound [PMo(OMeCy);], decomposes slowly at 45 °C.
3'P NMR (121 Hz, C¢De): & = 193 (s) ppm. :

Reaction of PMo(N[i-Pr]Ar); with cyclopentadiene. A Cg¢Hg solution of PMo(N[i-
Pr]Ar); (0.030 g, 0.046 mmol) and cyclopentadiene (1 mL, 12.1 mmol, approx. 260
equiv.) was prepared. A portion of this solution (0.4 mL) was placed into an NMR tube,
which was subsequently sealed. No change in the spectrum was observed when the
reaction mixture was observed by *'P NMR at 22 °C for 11.5 h.

Reaction of PMo(N[i-Pr]Ar); with 1,1-diphenylethanol. A diethyl ether solution (2
mL) of PMo(N[i-Pr]Ar); (0.254 g, 0.391 mmol) was mixed with a diethyl solution (2
mL) of 1,1-diphenylethanol (0.236 g, 1.19 mmol, 3.05 equiv). The reaction mixture was
stirred at 22 °C for 6 h, at which point the solvent was removed in vacuo. *'P NMR
(CeDs, 22 °C): 1172, 246 ppm.

Reaction of PMo(N[i-PrjAr); with benzhydrol. A tetrahydrofuran solution of
PMo(N[i-Pr]Ar); (0.077 g, 0.117 mmol) was quickly added to a tetrahydrofuran solution
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of benzhydrol (0.064 g, 0.350 mmol, 2.98 equiv). Upon mixing, the yellow solution
darkened. After 2 h, solvent was removed in vacuo. *'P NMR (C¢Ds, 22 °C): 228 ppm.

Reaction of PMo(N[i-Pr]Ar); with 2-tert-butyl-6-methylphenol. Diethyl ether
solutions of PMo(N[i-Pr]Ar); and 2-tert-butyl-6-methylphenol were combined, and the
reaction mixture was stirred for 4 h at room temperature. At this time, the reaction
mixture was yellow-brown and the solvent was removed in vacuo. *'P NMR (C¢Ds, 22
°C): 1276 ppm.

Reaction of PMo(N[i-Pr]Ar); with benzoic acid. A tetrahydrofuran solution of benzoic
acid (0.066 g, 0.541 mmol, 2.97 equiv) was prepared and to it a tetrahydrofuran solution
of PMo(N[i-Pr]Ar); (0.119 g, 0.182 mmol) was added. Upon mixing, a rapid color
change from yellow to brown was observed. After 2.5 h, the solvent was removed in
vacuo. *'P NMR (CsDs, 22 °C): 123 ppm.

Reaction of PMo(N[i-Pr]Ar); with 2,6-bis-(p-tolyl)benzoic acid. A diethyl ether
solution of 2,6-bis-(p-tolyl)benzoic acid (0.089 g, 0.293 mmol, 2.85 equiv) was added to
a diethyl ether solution of PMo(N[i-Pr]Ar); (0.067 g, 0.103 mmol, 1 equiv) at 22 °C.
Upon mixing, the solution changed color from yellow to brown. After 2 h, the solvent
was removed in vacuo from the reaction mixture. The residue was extracted with
pentane and the product was crystallized at —=35 °C. 'H NMR (C;Ds, 500 MHz): 8=7.33
(d, J = 4.5 Hz, 24H, tolyl), 7.31 (d, J = 5 Hz, 24H, tolyl), 7.15 (t, J = 7.5 Hz, 6H, para),
6.90 (d, J = 7.5 Hz, 12H, meta), 2.07 (s, 36H, methyl) ppm. ">C NMR (C¢Ds, 125 MHz):
8 = 176.75 (carboxylate), 144.65 (ortho), 140.19 (tolyl ipso), 136.51 (tole/l para), 131.54
(para), 130.47 (tolyl meta), 129.21 (toly! ortho), 21.51 (methyl) ppm. *>'P NMR (C¢Ds,
22 °C): 8=127 ppm.

Reaction of PMo(N[i-Pr]Ar); with 2,6-(3,5-dimethylphenyl)benzoic acid. Diethyl
ether solutions of PMo(N[i-Pr]Ar); (0.018 g, 0.027 mmol) and 2,6-(3,5-
dimethylphenyl)benzoic acid (0.022 g, 0.068 mmol, 2.45 equiv) were combined at 22 °C.
Over approximately five minutes, the solution changed color from yellow to green-
brown. After 20 minutes, vacuum was applied to remove the solvent. *'P NMR (C¢Ds,
22 °C): 382 (s), 286 (dd, J = 9043, 457) ppm.

Reaction of PMo(N[i-Pr]Ar); with 1-adamantylthiol. Cold pentane solutions of
PMo(N[i-Pr]Ar); and 1-adamantylthiol were combined and allowed to warm to room
temperature while stirring rapidly. After 4.5 h, the reaction mixture was brown and the
solvent was removed in vacuo. The residue is oily, and the NMR spectra show
incomplete conversion. *'P NMR (C¢Ds, 22 °C): 1240 ppm.

Reaction of PMo(OMeCy); with lithium cyclopentadienide. A tetrahydrofuran
reaction mixture of PMo(OMeCy); (0.036 g, 0.078 mmol) and lithium cyclopentadienide
(0.006 g, 0.077 mmol, 0.99 equiv) was allowed to stir at 22 °C for 24 h. 'P NMR
reveals unreacted starting material and homodimer only.

Reaction of PMo(OMeCy); with molybdaziridine-hydride. Diethyl ether solutions of
PMo(OMeCy); (0.101 g, 0.216 mmol) and Mo(H)(n*-Me,C=NAr)(N[i-Pr]Ar), (0.127 g,
0.219 mmol, 1.01 equiv) were rapidly combined and stirred at 22 °C under nitrogen. 'H
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NMR (CDs, 500 MHz): & = 13.0, 10.7, 9.5, 8.57, 6.38, 5.53, 4.66, 4.16, 3.2, 2.87, 2.35,
1.91, 0.58, 0.22 ppm.

Reaction of PMo(OMeCy); with Mo(N[t-Bu]Ar);. Diethyl ether solutions of
PMo(OMeCy); (0.077 g, 0.167 mmol) and Mo(N[#-Bu]Ar); (0.105 g, 0.167 mmol, 1
equiv) were rapidly combined and stirred at 22 °C under nitrogen. Upon mixing, a color
change from brown-orange to pink-purple was observed. 'H and *'P NMR confirmed the
generation of PMo(N[#-Bu]Ar);. Also see a paramagnetic product: 8 = 28.38, 24.17,
6.92,4.19,3.97,2.58, 0.78, —1.46, -5.08, —7.63, -9.78, —18.3 ppm.

Reaction of PMo(OMeCy); with 3-hexyne. PMo(OMeCy); (0.025 g) was dissolved in
neat 3-hexyne (approx. 0.8 mL) and was placed in a sealed NMR tube. The reaction
mixture was heated at 57 °C for 18 h. After this time, only [PMo(OMeCy);], was
observed by *'P NMR. The reaction mixture appears to contain a polymer that formed
upon decomposition of a small amount of PMo(OMeCly)s.

Reaction of PMo(OMeCy); with (PhCC)Mo(N[i-Pr]Ar)s. A C¢Dg solution containing
PMo(OMeCy); (0.021 g, 0.044 mmol, 0.98 equiv) and (PhCC)Mo(N[i-Pr]Ar); (0.031 g,
0.045 mmol, 1 equiv) was prepared. After 40 min, 'H NMR primarily showed unreacted
PMo(OMeCy); and unreacted (PhCC)Mo(N[i-Pr]Ar);. Three new methine peaks are also
present in an approximately 1:1:1 ratio: & = 5.84, 5.13, 4.42 ppm. 3'p NMR showed
some unreacted starting material and a new, broad peak at 6 = 116 ppm.

Reaction of (T]S-P:g)MO(N[i-Pl‘]AI‘);; with 1-adamantanol. No reaction is observed
between (n3 -P3)Mo(N[i-Pr]Ar); and three equiv 1-adamantanol at 55 °C for 14 h.

Reaction of (113-P3)M0(N[i-Pr]Ar)3 with cyclohexanol (7-P;-HN[i-Pr]Ar). Using 50
mL of toluene, a solution of 2-1n*-P3 (0.190 g, 0.260 mmol) and cyclohexanol (0.086 g,
0.855 mmol, 3.3 equiv) was prepared. The solution was heated to 60 °C overnight. The
reaction mixture was filtered and the solvent was removed in vacuo. The residue was
extracted with pentane and the product was crystallized at —35 °C (0.070 g, 0.107 mmol,
41 %). 'H NMR (300 MHz, C¢D¢): & = 6.42 (s, 1H, para), 6.17 (s, 2H, ortho), 4.79
(septet, 3H, cyclohexyl quaternary), 3.42 (septet, 1H methine), 2.95 (br d, 1H, amine),
2.23 (s, 6H, aryl methyl), 1.90 (br, cyclohexyl), 1.58 (br, cyclohexyl), 1.50 (br,
cyclohexyl), 1.22 (br, cyclohexyl), 0.95 (d, 6H, i-Pr methyl) ppm. *'P NMR (121 MHz,
CsDg): 6 = —185 ppm. Anal. Calcd. for CyoHsoMoNO;P3: C, 53.62; H, 7.76; N, 2.15.
Found: C, 49.38; H, 8.76; N, 1.92.

Synthesis of [(ns-P3)Mo(0Cy)3]z(DABCO) ((7-P3).-DABCQO). To a pentane solution
of (n*-P3)Mo(OCy)3(HN[i-Pr]Ar) (0.130 g, 0.200 mmol) was added a pentane solution of
triethylenediamine (DABCO, 0.016 g, 0.143 mmol, 0.7 equiv). As the latter solution was
added to the former, the color lightened from a yellow-orange to yellow. After 15 min,
the reaction mixture was filtered through a frit and a yellow powder was isolated. The
powder was recrystallized from cold dichloromethane (ca. 2 mL at -35 °C). Yellow
microcrystalline solid was isolated (0.061 g, 0.055 mmol, 28 %). "H NMR (500 MHz,
CD,Cly): & = 4.545 (septet, 6H, quaternary cyclohexyl), 3.09 (s, 12H, DABCO), 1.84
(overlapping q, 12H, Cy o), 1.71 (overlapping q, 12H, Cy a), 1.57 (overlapping t, 6H, Cy
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v), 1.4 (m, 12H, Cy B), 1.25 (m, 18H, Cy B +y) ppm. >C NMR (126 MHz, CD,Cl,): § =
86.50 (DABCO), 46.56 (Cy quaternary), 37.02 (Cy o), 26.25 (Cy vy), 25.13 (Cy B) ppm.
3'p NMR (121 MHz, C¢Dg): & = —150 ppm. Anal. Calcd. for C4;H7sMo,N,OPs: C,
47.66; H, 7.09; N, 2.53. Found: C,46.67; H, 7.01; N, 2.45.

Synthesis of 1,1,2-Mo2(OCy);(N[i-Pr]Ar);-d;s. A diethyl ether solution of
cyclohexanol (0.180 g, 1.80 mmol, 1.98 equiv) was added to a diethyl ether solution of 1-
d18 (0.546 g, 0.91 mmol). The reaction mixture was stirred for 1 h and then was filtered
through Celite. The resulting brown, ethereal solution was layered with pentane and
placed in the freezer at —35 °C. After 1 week, 0.167 g (0.17 mmol, 19 %) of yellow
microcrystalline product was isolated by decanting away the mother liquor and washing
with cold pentane.

3.5.2 Crystallographic Structure Determinations.

Table 3.7: Crystallographic parameters for (6-P);, 4-P, 7-P5-HN[i-Pr]Ar, and Mo,(OCy);(N[i-Pr]Ar);.

(6-P), 4-p 7-P3-HN[i-Pr]Ar  Mo,(OCy);(N[i-Pr]Ar),
formula CsoH7sM0ooN;04P;  C H3oM0OsP  CygHygMoNO3P;  CsgHosMoyN404
fw 1130.07 466.45 648.57 1048.24
space group Pccn R3-c P2/n Pi
a, A 18.7073(8) 10.8130(4) 11.087(2) 13.2354(14)

b, A 16.8765(7) 10.8130(4) 15.273(3) 15.5273(16)
c, A 18.0139(7) 69.271(3) 19.948(4) 16.2423(17)
o, deg 90 90 90 90.147(2)
B, deg 90 90 97.973(3) 100.121(2)
v, deg 90 120 90 109.650(2)
v, A? 5687.2(4) 7014.2(5) 3345.5(1 1) 3087.8(6)
VA 4 12 2 2

cryst description  green needle yellow block  yellow block yellow block
Deaed, g-em™ 1.320 1.325 1.288 1.127
F(000) 2356 2952 1364 1116

GOF on F? 1.046 1.092 1.344 1.039

R(F), %* 0.0400 0.0357 0.0555 ‘ 0.0405
RAF), %" 0.0895 0.0958 0.1022 0.1171

“ Quantity minimized = Ry(F2) = Z[W(F,> — F2) VEIWF)]"% R = TAIE(Fo), A= |(Fy— Fo)l, w =
1[62(F,2) + (aP)* + bP), P = [2F 2 + Max(F,,0))/3. ‘

The X-ray data collections were carried out on a Siemens Platform three-circle
diffractometer (Mo Ka, A = 0.71073 A) mounted with a CCD detector and outfitted with
a low-temperature, nitrogen-stream aperture (189 K). The structures were solved by
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direct methods, in conjunction with standard difference Fourier techniques and refined by
full-matrix least-squares procedures. Selected bond distances and angles are supplied in
Tables 3.1, 3.2, 3.3 and 3.4. A summary of crystallographic data is given in Table 3.7,
with full details found in Appendix 2. The systematic absences in the diffraction data are
uniquely consistent with the assigned space group of Pccn for (6-P),, R3-c for 4-P, P2;/n

for 7-P3-HN[i-Pr]Ar, and P1 for Moy(OCy);(N[i-Pr]JAr)s. These choices led to
chemically sensible and computationally stable refinements. An empirical absorption
correction (y-scans) was applied to all data sets. All software for diffraction data

processing and crystal-structure solution and refinement are contained in the SHELXTL
(v5.10) program suite (G. Sheldrick, Siemens XRD, Madison, WI).

3.5.3 Theoretical Calculations.

The Amsterdam Density Functional package (version ADF2000. 02)32 was used to
derive the molecular orbitals for the compounds discussed herein by means of a
optimization and calculation. Full electronic configuration was used for all atoms. Basis
set ZORA(V) was used as implemented in the ADF suite. Relativistic effects were
included by virtue of the zero order regular approximation (ZORA).*® The local density
approximation (LDA) by Vosko, Wilk and Nusair (VWN)*” was used together with the
exchange and correlation corrections published by Becke®® and Perdew,’ respectively.

3.6 Mass Spectrum

Table 3.8: Simulated fragmentation pattern of the mass spectrum of 4-P.

m/z Abundance Spread Multiplicity
466.44540 0.999873 12.01162 108
462.17047 0.1161140 0.00000 1
463.17390 0.0279397 0.00282 3
464.16916 0.0762817 0.01126 5
465.16986 0.1423805 0.01384 9
466.16929 0.1629380 0.01836 10
467.17053 0.1105685 0.01509 14
468.16955 0.2116145 0.01331 14
469.17274 0.0484154 0.01331 14
470.17151 0.0819828 0.01343 14
471.17471 0.0187958 0.00815 10
472.17757 0.0025678 0.00990 7
473.18037 0.0002623 0.00526 6
47418210 0.0000118 0.00000 1

Mass spectral analysis of 4-P was completed by Li Li at the Massachusetts
Institute of Technology Department of Chemistry Mass Spectrometry facility. A Bruker
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Daltonics APEXII 3 Tesla Fourier Transform mass spectrometer was utilized. An
electron impact method was chosen since the compound is moisture sensitive and could
not be easily ionized by dissolution. The simulation of the mass spectrum was completed
with the IsoPro program.'® A list of the simulated fragmentation pattern is presented in
Table 3.8.
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4.1 Introduction

Synthesis of reactive organometallic and inorganometallic uranium compounds
has facilitated a tremendous leap forward in the understanding of actinide coordination
chemistry and the use of forbitals in bonding.> The number of accessible oxidation states
available on uranium has led chemists to call this element a “big transition metal.”
However, the larger number of valence orbitals, their symmetry, and the larger radius of
the metal should permit the synthesis of a wide variety of uranium complexes that do not
have transition metal analogs.

As reported by the Cummins group,”™ §-backbonding from uranium to arenes
was one of these important breakthroughs in organoactinide chemistry. The complexes
synthesized include the amide-supported (p-arene)[U(N[R]Ar),]; (R = ¢-Bu, 1-Ad; arene
= benzene, toluene)’ and the ketimide-supported (u-arene)[UN=C(t-Bu)(Mes))s], (Mes
= 24,6-CéH;Mes; arene = naphthalene, cyclooctatetraene). The arenes were
incorporated into these compounds via reduction of a uranium(IV) halide precursor in the
presence of the desired arene. For example, the U(IV) compound IUN[#-Bu]Ar); (8-1)°
was reduced using potassium graphite in toluene solvent forming (u-Ce¢HsMe)[U(N[z-
Bu]Ar);]; (8;-toluene). In this molecule, each uranium fragment can be considered in the
oxidation state +2 while the bridging arene is formally neutral. The two, strong &-
backbonds are from filled uranium 6d and 5f orbitals into the doubly-degenerate arene
LUMO having & symmetry. These conclusions were verified structurally and
computationally.

There are few examples of white phosphorus activation by transition metals and
actinides resulting in dinuclear, bridging p-P, species. Examples of several p-P,
compounds have been given in this thesis.”® Sacconi et al. have reported a variety of (u-
1°2-P3)My(triphos), (M = Rh, Co, Ni) compounds.” Scherer et al. have also reported a
wide variety of white phosphorus activation products including an interesting thorium
compound with a bridging P3; moiety, Cp’2Th(u-P3)ThCp',CL'® There are exceedingly
few bridging P4 compounds reported where each phosphorus atom is two coordinate
(only considering P-P interactions),'’ and none of these contains a square
tetraphosphorus moiety.

Here is reported the first example of a square tetraphosphorus moiety bridging
two metals. Spectroscopic and X-ray crystallographic evidence is provided for this
structural assignment. Density functional theory calculations are also presented, and an
analysis of this compound’s electronic structure is provided.

4.2 Results and Discussion

White phosphorus (P4) does not react with U(IV) species of the type TU(N[z-
Bu]Ar); (8-) after 24 h in toluene. Inspired by the synthesis of 8,-toluene, compound 8-1
was subjected to sodium amalgam reduction in the presence of one equivalent of Py.
However, this reaction resulted primarily in formation of red phosphorus (polymeric P,)"
and U(N[-Bu]Ar),. Therefore, isolation and use of the more reactive U(III) compound
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(THF)U(N[#-Bu]Ar); (8-THF) was deemed necessary for activation of white phosphorus.
As previously reported, this reactive uranium(III) species has opened the door to a wealth
of low-valent uranium chemistry, including the formation of new imido,” p-oxo,”
methyl,'* silyl,’* and heterobimetallic bridging N, species.® Compound 8-THF was
prepared by reduction of 8-I using sodium amalgam in tetrahydrofuran.® This compound

was synthesized in 500 mg batches, and was isolated as black crystals from cold pentane.

Scheme 4.1: Reaction of 8-THF with white phosphorus.

L

Arft-BulN /F’ N[t-BujAr
2 l /T\ — 3  Aft-BuN— \ /P\\\\/

\ /U\’"IIN Bu / ? %U——N[t-Bu]Ar
/ Ar[t-BulN P N[t-BuJAr
I Ar
Ar Ar
8-THF 8Py

First discovered by Drs. Polly Amold and Aaron Odom, reaction of 0.5
equivalents of white phosphorus with 8-THF resulted in formation of an orange-brown
compound (Scheme 1) with a *'P NMR shift at § = 794 ppm. Use of less than 0.5 equiv
P, resulted in formation of the same orange-brown product, leaving behind unreacted 8-
THF. Use of more than 0.5 equiv P4 resulted in formation of the same product with
unreacted P4 (as assayed by *'P NMR spectroscopy). X-ray crystal structure
determination revealed the identity of this product, (u-n**-Ps)[UN[z-Bu]Ar)s], (8,-Ps), a
compound with a square P, moiety bridging two uranium fris-amide fragments (Figure

4.1). Compound 8,-P4 crystallized in the space group P1, and the two halves of the
molecule are related by an inversion center located at the Ps-square centroid. Within 3o,
the P-P bond lengths are 2.160 A and the P~P-P bond angles are 90°. The U-N
interatomic distances are approximately 2.23 A, approximately the same as those in the
uranium(IV) compound ((Me;Si);Si)UN[#-Bu]Ar); (8-Si(SiMes)s; U-N, 2.210(5) A)."

The square tetraphosphorus bridge in compound 8,-P4 represents the formal two-
electron reduction of P, with concomitant formation of two U(IV) fragments. This
structural motif is unique in organometallic chemistry. Square tetrapnictide clusters are
known in solid state chemistry for bismuth, " antimorly,]6’17 arse:nic,”’]8 and
phosphorus.'”"® These clusters have a formal 2— charge, which is balanced by alkali
metal cations. The recently published phosphorus system Cs,P4-2NH3 was prepared by
treatment of P,Hs with cesium metal at —78 °C followed by crystallization from
anhydrous ammonia at —40 °C. Crystallographic characterization of this yellow
compound revealed P-P bond lengths of 2.146(1) and 2.1484(9) A. These lengths are
only slightly shorter than the corresponding distances in 8,-P4. This small lengthening is

consistent with a §-backbonding interaction from uranium into the LUMO of P,
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Figure 4.1: Molecular structure of (u-n*n*-P)[UN[z-Bu]Ar);], (35% thermal ellipsoids). Hydrogen
atoms and a co-crystallized molecule of pentane are omitted for clarity.

Table 4.1: Selected bond lengths and angles for 8,-Ps.

Bond Lengths (A) Bond Angles (deg)
P1-P2 2.162(2) P2-P1-P2’ 89.48(9)
PI-PI"  2.157(2) |PI1-P2-P1’  90.52(8)
P1-P2°  2.156(2) |U-P2-PI 71.61(6)
U-P1 3.158(2) U-P1-P2’ 70.14(6)
U-P2  3.0842) |uU-P1-P2  67.89(6)
U-PlI'  3.1012) |U-P1-U"  121.32(5)
U-p2  3.1622) |u-p-ur 12177(5)

Compound 8,-P4 has a complicated "H NMR spectrum at 20 °C in benzene-ds.”°

If all of the ligands in 8,-P4 were equivalent in solution, four peaks would be seen. These
would correspond to the fert-butyl and aryl methyl groups, and to the ortho and para
protons. However, there are thirteen obvious peaks in the room temperature 'H NMR
spectrum! To aid in the assignment of this spectrum, deuterated variants (w-n*n*
P,)[UN[C(CH3)(CDs)]Ar)s];  (8:-Pa-dss) and  (w-n’,n*-Py)[UN[C(CH3)(CD3).][3,5-
CeMerDs)s], (82-Ps-dsa) were synthesized. The synthesis of these compounds is identical
to that for 8,-P4; deuterated variants of 8-THF were prepared in two steps from HN([z-
Bu]Ar-ds’' and HN[-Bu]Ar-do.””> From the 'H and “H NMR spectra of these

' HN[z-Bu]Ar-dy was synthesized from acetone-ds and H,NAr-d; followed by addition of MeLi as
described in Reference 20. The deuteration of the aniline H,NAr-d; is described in Reference 21.
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compounds, it was possible to determine that the solution structure of 8,-P4 includes three
ligand environments in a 3:2:1 ratio. This is not the same ligand arrangement as in the
crystal structure reported above, in which there are two ligands that have their aryl groups
pointing toward the cyclo-P4 unit and four other ligands that have approximately the
opposite configuration. It was straightforward to assign the aryl methyl peaks since their
integration did not change upon deuteration. At —11.7 ppm, there is a broadened singlet
integrating to 6 hydrogen atoms; at —0.32 ppm, there is a broad singlet (with a shoulder
on the upfield side of the peak, vide infra) integrating to 12 hydrogen atoms; at 0.53 ppm,
there is a slightly broadened singlet integrating to 18 hydrogen atoms. It further appears
from a combination of 'H and *H NMR spectra that there are three rert-butyl
environments in the molecule in a 3:2:1 ratio. At —9.6 ppm, there is a singlet integrating
to 9 hydrogen atoms; a shoulder at approximately —0.33 ppm corresponds to 27 hydrogen
atoms; at 10.7 ppm, there is a singlet integrating to 18 hydrogen atoms. Full assignments
for 8,-P4 and its deuterated variants can be found in the Experimental Section.
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Figure 4.2: Molecular structure of (u-n*,n*-Py)[UN[1-Ad]Ar)s], (35% thermal ellipsoids). Hydrogen
atoms and a co-crystallized molecule of diethyl ether are omitted for clarity.

Table 4.2: Selected bond lengths and angles for 9,-P,.

Bond Lengths (A) Bond Angles (deg)
P1-P2 2.138(6) P2-P1-P4 90.2(2)
P2-P3 2.168(6) P1-P2-P3 90.7(2)
P3-P4 2.171(5) U1-P1-P2 66.19(14)
Ul-P1 3.277(4) Ul-P1-P4 67.07(13)
Ul1-P2 3.107(4) U2-P1-P2 67.76(14)
uU1-P3 2.975(4) Ul-P1-U2 111.19(11)
Ul-P4 3.138(4) Ul-pP2-U2 119.18(12)
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The analogous but more sterically hindered system (;.1 - Py)[UN [1-Ad]Ar)3]2
(9,-P;) was also synthesized. Starting from Ul3(THF),” and KN[1-Ad]Ar,>** the
reactive black (THF)U(N[1-Ad]Ar); (9-THF) was synthesized.” Dissolution of 9-THF in
toluene and cooling to —35 °C, followed by addition of solid P4 resulted in formation of
the desired orange-brown product 9,-P4. It was recrystallized from cold toluene in ca.
55% overall yield as an orange-brown powder. This compound had an extremely
broadened '"H NMR spectrum at 20 °C. While it sharpened at temperatures above 30 °C,
there appeared to be several hgand environments. Assignment of the high (ca. 60 °C) or
low (ca. -50 °C) temperature 'H NMR spectra was not attempted, because efficient
deuteration methods for the 1-adamantyl substituent have not been developed. Therefore,
characterization of 9,-P; was obtained primarily through the *'P NMR shift at & = 803
ppm, which is within a few parts per million of the *'P NMR shift of 8,-Ps. An X-ray
crystal structure of 9,-P4, which crystallized in the P2,/n space group, did not contain an
inversion center at the cyclo-P4 centroid (Figure 4.2). Its P-P and U-P distances were
the same (within 35) as those in 8,-P4 (Table 4.2).

Reaction of 9,-P; with iodine (I;) was expected to result in formation of two
equivalents of IUN[1-Ad]Ar); (9-1) and regeneration of P4. The latter could be detected
using *'P NMR, as it displays a signal at & = —516 ppm. Oxidation of 9,-P4 did occur
upon addition of I,; PI; was generated, consistent with reaction of P4 with the remaining
I, While 9-1 was one of the products generated, it was only one of the myriad of
products present in the reaction mixture due to side reactions with PI;. A reagent such as
1,2-diiodoethane may be an appropriate oxidant since is not known to react with Pj.

4.3 Theoretical Section

Computational actinide chemistry has made significant advances in the past
decade. Theoretical studies of the electronic structure and reactions of actinides
considerably augment the synthetic literature considering the radioactivity and scarcity of
these elements.”” Most chemists interested in computationally studying uranium
complexes utilize density functional theory (DFT) to do so. DFT has several advantages
over the other commonly used computational technique, Hartree-Fock self-consistent-
field (HF-SCF) method. Primarily, these benefits are computational speed and
incorporation of relativistic and spin-orbit effects. Both of these effects are important to
include in calculations containing the f elements. Relativistic effects describe the
significant expansion of the valence d and f orbitals due to shielding of the nucleus by
contracted s and p orbitals. Spin orbit effects, which strongly depend on nuclear charge,
are due to the spin angular moment interacting with the total angular moment of the
orbital wavefunction.”®  The results reported herein were generated by DFT
calculations.***’

The phenomenon of backbondmg in uranium complexes is relatively recently
documented. In 1986, the compound Cp®3U(CO) (Cp¥ = CsH,4SiMe;) was characterized
with a veo approximately 170 cm™ lower than free carbon monoxide.”® This significant
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lowering of the CO stretching frequency is analogous to transition metal carbonyl
complexes, in which there is a strong n-backbonding interaction (Dewar-Chatt-
Duncanson model).**° Compound Cp¥;U(CO) was shown by DFT to contain a similar
interaction, with a o bonding component from the HOMO of CO to the empty 6d,2 orbital
of uranium and a m-backbonding component from the filled uranium 5f orbitals to the
LUMO of CO.*® Examples of n-backbonding from uranium to side-on dinitrogen has
since been published.’?? In these cases, only the m-backbonding component of the
Dewar-Chatt-Duncanson model of backbonding is noted; the ¢ component of the bond is
not observed because the nitrogen molecular orbitals are too low in energy to effectively
overlap with the appropriate uranium orbital.

Ferrocene analog [Ti(n’-Ps),]*", published recently by Ellis et al., displays a &
back-bonding interaction from a e," Ti orbital to the LUMO of the two Ps fragments.>*
As was shown recently by our group, low-valent uranium can engage in & backbonding to
the doubly degenerate LUMO of toluene or benzene. This strong interaction holds
together dinuclear complexes of uranium with arene bridges in the case of amide® or
ketimide* ligands. Here, in the cases of 8,-P, and 9,-P,, there is a bridging
tetraphosphorus moiety. The X-ray crystal structure of 8,-P4 revealed a square geometry
for this bridge, indicating that its appropriate formulation is P4>~. This dianion is isolobal
and isoelectronic with [C4H4]*", having six w electrons and a singly degenerate LUMO of

Figure 4.3: Orbital pictures generated by Molden for model compound (u-n‘n*Py)[U(NH,);],. Left:
HOMO-1, interaction between the LUMO of P,>” (8 symmetry) and uranium df hybrid orbitals; Right:
HOMO, uranium f orbitals.

In order to understand the bonding between the uranium centers and the P4 bridge
in the compounds discussed above, a computational study on the model system (u-n*n*-
P;)[U(NH,);]; was undertaken.” Density functional theory (DFT) calculations show that
the HOMO-1 orbital has & symmetry but exhibits minimal overlap between bridge and
metals (as compared to the strong 6 backbonds of the aforementioned arene complexes)

" Thomas A. Baker and Christopher C. Cummins utilized ADF 2.3.0 to complete this calculation.2®?’

Relativistic corrections were incorporated using the Pauli scalar function with a frozen core
approximation. Attempts to update these results using a more recent version of the software (4DF
2000.02) were unsuccessful; the calculations converged with non-Aufbau solutions.
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(Figure 4.3). Quite interestingly, no other orbitals show appreciable overlap between the
uranium centers and the P4 bridge. Therefore, we formulate this compound as an ionic
compound supported by a weak & bond. The formal oxidation state of both uranium
centers is an often-observed® +4 (/) and the bridging unit is a formal P>

The ionic nature of this system is further supported by the *'P NMR data for these
compounds. Both the -Bu and 1-Ad derivatives exhibit resonances at & = ca. 800 ppm,
despite the paramagnetism of the complexes. The *>'P NMR shifts are observable due to
the aforementioned limited orbital overlap. It is also seen from the DFT calculations that
the unpaired electrons (HOMO) are localized in contracted f orbitals on the metals which
have no contact with the orbitals on the bridge, further minimizing the signal broadening
experienced by the phosphorus nuclei. These 3'P NMR signals are considerably further
downfield than that observed for Cs,P4 - 2 NHj, which displays a singlet at 345.8 ppm
(liquid ammonia, 60 °C)."” This diamagnetic compound unambiguously consists of a
P4*" unit supported by ammonia-complexed cesium cations. In diamagnetic compounds,
the magnitude of the downfield shift of an NMR signal is primarily determined by the
paramagnetic shielding component, which is related to the size of the HOMO-LUMO
gap; a compound with a large HOMO-LUMO gap will have a signal that is upfield of a
compound with a small HOMO-LUMO gap.

4.4 Future Work

Attempts to functionalize the P>~ unit of 8,-P, and 9,-P, are underway.! Addition
of electrophiles like organosilyl triflates to these compounds may result in extrusion of
two equivalents of (TFO)UN[R]Ar); (R = ¢-Bu, 1-Ad) with concomitant formation of a
silylated P, unit. Silylated bicyclotetraphosphanes of this sort are rare molecules. The
known example utilizes an extremely bulky R group, tri-tert-butylsilyl.”” The compound
2,4-bis-(tri-tert-butylsilanyl)-1,2,3,4-tetraphospha-bicyclo[1.1.0]butane (Ps(Si-z-Bus),) is
synthesized during the reaction of hexa-tert-butyldisilane with white phosphorus at 100
°C for 38 h. It can also be synthesized as one component of the product mixture when
tri-tert-butylsilyl sodium is mixed with phosphorus trichloride in pentane for 5 h at 20 °C.
Compounds 8,-Ps and 9,-P4 allow the possibility of accessing similar
bicyclotetraphosphanes via a mild route, directly from the element P4.

Scheme 4.2: Reaction of silyl triflates with 8,-P4 or 9,-P,.

RIN P
CN AN T e
Ar[R]N——U\qu—N[R]Ar R3Si-OTf l R P\
/ \\\7 \ S 2 e+ RsT Ne/ sy

ArRIN ) N[R]Ar ArRIN N[RIAr P
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To fully analyze the products of the reaction shown in Scheme 4.2, (TfO)U(N[¢-
Bu]Ar); (8-OTf) was synthesized independently. Reaction of the uranium(IV) iodide 8-I
with silver triflate in tetrahydrofuran followed by removal of solvent and extraction with
pentane allowed isolation of yellow 8-OTf.*® Synthesis of this compound may open an
important door for synthetic recovery of the otherwise inert (u-O)[U(N[z-Bu]Ar)s]; (8,-
0). Treatment of 8,-O with one equivalent of triflic anhydride (Tf,0) should form two
equivalents of 8-OTf} The latter compound may be reduced® to a useful uranium(III)
compound using sodium amalgam in a protocol similar to the preparation of 8-THF from
8-1.

4.5 Experimental Section

4.5.1 General Considerations: Synthesis and Characterization.

Unless stated otherwise, all operations were performed in a Vacuum Atmospheres
drybox under an atmosphere of purified nitrogen or using Schlenk techniques under an
argon atmosphere. Diethyl ether, toluene, benzene, n-pentane, and n-hexane were dried
and deoxygenated by the method of Grubbs.” THF was distilled under nitrogen from
purple sodium benzophenone ketyl. Benzene-ds was purchased from Cambridge Isotope
Laboratory, was degassed, and was dried over 4 A sieves. Alumina, Celite, and 4 A
sieves were dried in vacuo overnight at a temperature above 200 °C. UI;(THF),,
(THF)U(N[#-Bu]Ar); and KN[1-AdJAr were synthesized according to literature
procedures. Other chemicals were used as received. 'H and 2H NMR spectra were
recorded on Varian XL-300, Varian Mercury-300, or Varian INOVA-501 spectrometers
at room temperature. Chemical shifts are reported with respect to internal residual
benzene (7.15 and 128.38 (t) ppm) or external C¢Ds in diethyl ether (7.16 ppm). C, H,
and N analyses were performed by H. Kolbe Mikroanalytisches Laboratorium (Miilheim,
Germany).

Synthesis of (u—n4‘4-P4)[U(N [--Bu]Ar);]; (82-Ps). A hexane solution of (THF)U(NJ[z-
Bu]Ar); (0.119 g, 0.142 mmol) was chilled to —35 °C. To this solution was added solid
P4 (0.008 g, 0.066 mmol, 0.46 equiv) was added to this solution. The reaction mixture
was stirred rapidly for 20 min, warming to room temperature. After this time, the solvent
was removed in vacuo. The residue was extracted with pentane and the orange-brown,
microcrystalline product was crystallized at —=35 °C (0.025 g, 0.015 mmol, 10%). 'H
NMR (500 MHz, C¢D¢): & = 16.73 (4H, ortho), 11.47 (6H, ortho), 10.50 (18H, tert-
butyl), 5.05 (3H, para), 4.11 (2H, para), 0.53 (18H, aryl methyl), —0.33 (39H,
overlapping aryl methyl and tert-butyl), —5.0 (2H, ortho), —6.86 (1H, para), -9.61 (9H,
tert-butyl), —11.64 (6H, aryl methyl) ppm. *>'P NMR (125 MHz, C¢Ds): & = 794 ppm.
Anal. Caled. for C7,H,0sNgP4Uz: C, 52.17; H, 6.57; N, 5.07. Found: C, 51.63; H, 5.90;
N, 4.92.

(0n*“-P)[UNIC(CH3)(CD3)]Ar)sl; (8:-Pa-dse). 'H NMR (500 MHz, CeDe): & =
16.73 (4H, ortho), 11.47 (6H, ortho), 10.50 (6H, tert-butyl), 5.05 (3H, para), 4.11 (2H,

¥ Similar observations have been made for niobium tris-amides.>
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para), 0.53 (18H, aryl methyl), —0.33 (21H, overlapping aryl methyl and zert-butyl), 5.0
(2H, ortho), —6.86 (1H, para), -9.61 (3H, tert-butyl), —11.64 (6H, aryl methyl) ppm. *H
NMR (77 MHz, C¢Hg): 6 =10.8, -0.3, -9.5 ppm.

(un**-P)[UN[C(CH3)(CD3),][3,5-CsMezDs))s]. (82-Pe-dss). 'H NMR (500 MHz,
CsDs): & = 10.50 (6H, tert-butyl), 0.53 (18H, aryl methyl), —0.33 (21H, overlapping aryl
methyl and fert-butyl), —9.61 (3H, tert-butyl), —11.64 (6H, aryl methyl) ppm. H NMR
(77 MHz, C¢He): 6 = 11.5 (ortho), 10.6 (tert-butyl), 6.0 (para), 4.1 (para), —0.3 (tert-
butyl), -9.61 (tert-butyl) ppm.

Synthesis of (u—n4:4-P4)[U(N[l-Ad]Ar)3]2 (9,-P4). A tetrahydrofuran solution of
(THF)U(N[1-Ad]Ar); (0.439 g, 0.409 mmol) was chilled to —35 °C. To this solution was
added solid P4 (0.050 g, 0.407 mmol, 1 equiv) was added to this solution. Vacuum was
applied immediately to remove the solvent. The residue was extracted with pentane and
the orange-brown, microcrystalline product was crystallized at —35 °C (0.369 g, 0.173
mmol, 42%). 'H NMR (500 MHz, toluene-ds): & = very broad peaks between 6 and 0,
-0.09, —2.5, -9.5 ppm. >'P NMR (125 MHz, C¢Ds): & = 803 ppm. Anal. Calcd. for
CiosH14sNePsU,: C, 61.01; H, 6.82; N, 3.95. Found: C, 60.25; H, 4.86; N, 3.70.

Synthesis of (TfO)U(N[z-Bu]Ar); (8-OTf). A THF solution of IU(N[#-Bu]Ar); (2.694 g,
3.2 mmol) was chilled to —35 °C. This solution was added to solid silver triflate (0.827 g,
3.2 mmol) in a vial that had been chilled to —35 °C. After 1.5 h, the reaction mixture was
filtered to separate Ag(0) and the solvent was removed from the filtrate in vacuo. The
yellow-brown residue was dissolved in diethyl ether and the product was recrystallized.
Yellow-green needles were isolated by crystallization (0.431 g, 0.500 mmol, 15%). 'H
NMR (C¢Ds, 300 MHz): & = 10.55 (s, 27H, tert-butyl, Avy, = 17 Hz), 6.59 (s, 6H, ortho,
Avy, = 38 Hz), —-0.32 (s, 3H, para, Avy, = 4.6 Hz), —4.18 (18H, aryl methyl, Av,, = 4 Hz)
ppm. F NMR (Et,0, 282 MHz): & = —103 (Avy, = 65 Hz) ppm. Anal. Calcd. for
C37Hs4F3N30;5SU: C, 48.52; H, 5.94; N, 4.59. Found: C, 48.65; H, 5.83; N, 4.62.

4.5.2 Crystallographic Structure Determinations.

The X-ray data collections were carried out on a Siemens Platform three-circle
diffractometer (Mo Ka, A = 0.71073 A) mounted with a CCD detector and outfitted with
a low-temperature, nitrogen-stream aperture (189 K). The structures were solved by
direct methods, in conjunction with standard difference Fourier techniques and refined by
full-matrix least-squares procedures. Selected bond distances and angles are supplied in
Tables 4.1. A summary of crystallographic data is given in Table 4.3, with full details
found in Appendix 2. The systematic absences in the diffraction data are uniquely

consistent with the assigned space group of P1 for 8,-P4 and P2y/n for 9,-P4. This choice
led to a chemically sensible and computationally stable refinement. An empirical
absorption correction (y-scans) was applied to the data set. All software for diffraction
data processing and crystal-structure solution and refinement are contained in the
SHELXTL (v5.10) program suite (G. Sheldrick, Siemens XRD, Madison, WI).
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Table 4.3: Crystallographic parameters for 8,-P4 and 9,-P,.

8,-P, 9,-P,
formula CiosH14aNeP4Uy  Cy12H44NgOPU,
fw 2126.29 2190.27
space group Pi P2yn
a, A 11.9018(6) 15.6370(13)
b, A 13.8947(8) 41.909(4)
c, A 13.9991(8) 18.8439(16)
a, deg 77.7170(10) 90
B, deg 69.9770(10) 112.399(2)
Y, deg 67.3510(10) 90
v, A® 1998.6(2) 11417.4(17)
z 1 4
cryst description  orange prism orange-brown prism
Deared, grem™ 1.449 1.274
F(000) 876 4440
GOF on F? 1.035 1.138
R(F), %* 0.0336 0.0980
R.(F), %* 0.0802 0.2141

“ Quantity minimized = R (F?) = S[W(F,> — FONZ[WF.H" R = SAS(F,), A = [(Fy — F)l, w =
1/[02(F,)) + (aP)* + bP], P = [2F. + Max(F,,0))/3.
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Appendix 1: Synthesis of MoCls(thf),

A modified version of the 1986 Dilworth preparationl of MoCls(thf); has been utilized
for several years by the Cummins group to make this important starting material on a 35 g or
larger scale.” While this method generates large amounts of pure material (ca. 65% yield), the
synthesis usually takes three days to perform: One for the preparation of MoCls(CH3CN),, one
for the preparation of MoCl4(thf),, and one for the preparation of MoCls(thf)s.

Recently Poli ez al. published a new synthesis of MoCls(thf)s.> This small-scale synthesis
(5 g or less) can be completed in a matter of several hours. With some modification of this
published method, 30 g or more of pure MoCls(thf); can be synthesized in several hours.* The
most important adjustments to the literature method are conscientious temperature and time
control, as detailed below.

Approximately 300 mL of diethyl ether were chilled in a round-bottom flask using the
cold well. To this cold solvent were added 29.71 g (10.8 mmol) of MoCls. This solution was
stirred while the solid was added so that the solid was efficiently suspended. While the solution
was still very cold, two equivalents of finely divided tin powder were added (25.7 g, 21.6 mmol,
1.98 equiv). Rapid stirring continued for 30 minutes during which time the deep brown
suspension became orange. It must be ensured that the tin and unreacted MoCls are stirring
rapidly; this may involve scraping the sides of the flask to resuspend the solids. Over-reduction
does not seem to be possible at this step, so the reaction time should be extended (up to 1 h) if
the solids are not efficiently suspended.

After the suspension became orange, the reaction flask was placed back into the cold well
while the solvent was pipetted away from the solids. The supernatant solvent was yellow, pale
orange, or pale green, and it was discarded. To the cold solids were added approximately 200
mL tetrahydrofuran. The reaction mixture was rapidly stirred for ca. 15 min. During this time
the supernatant became green and then blue. It is important to stop the reduction promptly at this
point by filtering through a bed of Celite. (Carefully watch the color of the reaction! If the
supernatant becomes purple or purple-red, the product will likely be over-reduced and unusable.
The reaction can be stopped prematurely if the reduction appears to be proceeding more quickly
than indicated.) The filtrate can be discarded after washing the mixture of product, tin, and tin
chlorides with clean tetrahydrofuran.

To collect the product, the previously optimized procedure was followed.”> Minimal
methylene chloride was used to wash the solids, thereby extracting orange-red MoCls(thf)s, into
clean tetrahydrofuran. The volume of this orange-red solution was reduced under vacuum until
orange MoCls(thf); precipitated. The product was collected via vacuum filtration. Generally the
first crop will be the purest (29.39 g, 7.0 mmol, 64.5 % yield); often, subsequent crops will have
a pink or purple color. The impure batches of MoCls(thf); appear to result in very greasy
reaction products with lithium amides.

! Dilworth, J. R.; Zubieta, J. Inorg. Synth. 1986, 24, 193,

® Cherry, J.-P. F. Thesis, Massachusetts Institute of Technology, 2001.

3 Stoffelbach, F.; Saurenz, D.; Poli, R. Eur. J. Inorg. Chem. 2001, 2699.

* Dr. James Blackwell, Todd Ostomel, and Dr. John-Paul F. Cherry contributed to the optimization of this synthesis.
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A2.1 X-ray crystal structure of (nz-(D3C)C=NAr)Mo(N[i-Pr-d6]Ar)3 (2-(1]2-
imine)-dls).

Crystals grown from a concentrated diethyl ether solution at —35 °C were coated
with Paratone N oil (Exxon) on a microscope slide. A green block was selected and
mounted with wax on a glass fiber. A total of 14289 reflections (—14 (Jh 07, -16 Ok O
14, =22 01 022) were collected at 293(2) K in the #range of 1.24 to 28.39 °, of which
9914 were unique (R = 0.1268). All non—methyl hydrogen atoms were found in the
difference map and refined isotropically. All methyl hydrogen atoms were placed in
calculated (dcy = 0.96 A) positions. The residual peak and hole electron density were
1.502 and -1.450 e-A™°, respectively. The least squares refinement converged normally
with residuals of R; = 0.0898, wR, = 0.1712 based upon I > 201, and GOF = 1.088 (based
on F?). Crystal and refinement data: Formula = CyHgMoNy; space group, PGla =
11.1241(15) A; b = 12.0233(15) A; ¢ = 16.837(2) A; 0. = 78.988(3) °; B = 79.148(2) % y =
72.990(3) % V = 2092.7(5) A%, Z = 2; Deare = 1.181 grem™; F(000) = 794; R; (based on F)
=0.1159; wR; (based on F3) = 0.1919.

Table A2.1.1. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (/QX2 X 103) for 2-('r|2-imine)-dlg. U(eq) is defined as one third of the trace of

the orthogonalized Ul tensor.

X y y/ U(eq)
Mo(1) 7386(1) -3752(1) 7509(1) 24(1)
N(1) 7780(5) -2701(4) 6501(3) 34(1)
N(2) 5934(4) -3075(4) 8291(3) 30(1)
N(3) 8911(5) —4727(4) 7982(3) 34(1)
N@4) 6299(5) -4339(4) 6981(3) 35(1)
can 7816(6) —1543(5) 6582(3) 33(1)
Cc(12) 8896(6) —1308(5) 6715(4) 43(1)
Cc@13) 8883(7) —182(6) 6835(5) 57(2)
C(14) 7784(7) 700(5) 6784(5) 52(2)
C(@15) 6697(6) 524(5) 6636(4) 44(2)
C(16) 6715(6) -618(5) 6537(4) 37(1)
C(17 8057(7) -2985(5) 5651(4) 42(1)
C(18) 9489(8) -3382(7) 5385(5) 69(2)
C(19) 7426(8) -2017(6) 5034(4) 54(2)
C221 6243(6) —2536(5) 8901(3) 33(1)
C(22) 6388(6) -3129(5) 9678(4) 38(1)
C(23) 6647(6) -2612(6) 10278(4) 42(1)
C(24) 6756(7) —1473(6) 10074(4) 50(2)
C(25) 6647(7) -851(6) 9301(4) 50(2)
C(26) 6373(6) —1384(5) 8708(4) 43(1)
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C(27)
C(28)
C(29)
C@31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
c@m
C(48)
C(49)
C(131)
C(151)
C(231)
C(252)
C(331)
C(351)
C(431)
C(451)

Table A2.1.2. Bond lengths

Mo(1)-N(3)
Mo(1)-N(4)
Mo(1)-N(2)
Mo(1)-N(1)
Mo(1)-C(47)
N(1)-C(11)
N(1)-C(17)
N(2)-C(21)
N(2)-C(27)
N(@3)-C(31)

4553(6)
3747(6)
4040(6)
9486(5)
10489(5)
11067(6)
10634(6)
9643(6)
9088(6)
9549(6)
9689(7)
10838(6)
5301(5)
4711(6)
3703(6)
3252(6)
3803(6)
4819(6)
7104(5)
8073(6)
6553(6)
10080(9)
5513(7)
6802(8)
6788(10)
12182(6)
9208(8)
3115(8)
3295(6)

~3005(5)
—1732(6)
~3649(6)
~5939(5)
~6582(5)
~7760(5)
~8302(5)
~7686(5)
~6504(5)
~3891(5)
—4007(6)
~3956(6)
—4039(5)
~2865(5)
—2531(5)
~3392(5)
—4587(5)
—4899(5)
—5381(4)
—6074(5)
—6157(5)
24(8)
1520(6)
~3269(7)
389(7)
~8431(6)
—8296(6)
—1243(6)
~5512(6)

- 8371(4)

8239(4)
9172(4)
8229(3)
7717(4)
7956(4)
8715(4)
9238(4)
8994(4)
8143(4)
9038(4)
7601(4)
6543(3)
6292(3)
5851(4)
5659(4)
5907(4)
6343(4)
7278(3)
6669(4)
7994(4)
7028(8)
6561(6)
11119(4)
9082(6)
7418(4)
10071(4)
5587(5)
5696(4)

[A] and angles [°] for 2-(T]2—imine)-d18.

1.968(5)
1.973(4)
1.961(5)
1.973(5)
2.187(5)
1.437(6)
1.489(7)
1.453(7)
1.496(7)
1.425(7)

N(3)-C(37)
N(4)-C(47)
N(4)-C(41)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(13)-C(14)
C(13)-C(131)
C(14)-C(15)
C(15)-C(16)

36(1)
51(2)
45(2)
32(1)
34(1)
35(1)
39(1)
38(1)
40(1)
39(1)
53(2)
48(2)
32(1)
34(1)
40(1)
43(1)
39(1)
38(1)
31(1)
41(1)
44(2)
97(4)
68(2)
61(2)
78(3)
49(2)
56(2)
61(2)
49(2)

1.477(7)
1.376(7)
1.370(7)
1.378(8)
1.396(8)
1.402(8)
1.368(10)
1.526(10)
1.361(9)
1.408(7)

131



C(15)-C(151)
C(17)-C(19)
C(17)-C(18)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)
C(23)-C(24)
C(23)-C(231)
C(24)-C(25)
C(25)-C(26)
C(25)-C(252)
C(27)-C(29)
C(27)-C(28)
C(31)-C(36)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(33)-C(331)
C(34)-C(35)
C(35)-C(36)
C(35)-C(351)
C(37)-C(38)
C(37)-C(39)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(43)-C(431)
C(44)-C(45)
C(45)-C(46)
C(45)-C(451)
C(47)-C(49)
C(47)-C(48)

N(3)-Mo(1)-N(4)
N(3)-Mo(1)-N(2)
N(4)-Mo(1)-N(2)
N(3)-Mo(1)-N(1)
N(4)-Mo(1)-N(1)
N(2)~Mo(1)-N(1)
N(3)-Mo(1)-C(47)
N(4)-Mo(1)-C(47)
N(2)-Mo(1)-C(47)
N(1)-Mo(1)-C(47)
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1.505(9)
1.503(9)
1.528(10)
1.378(8)
1.405(8)
1.394(8)
1.382(9)
1.498(9)
1.380(10)
1.405(8)
1.514(9)
1.521(8)
1.528(8)
1.395(8)
1.405(8)
1.389(8)
1.387(8)
1.509(8)
1.394(8)
1.388(8)
1.517(8)
1.521(9)
1.538(9)
1.392(7)
1.412(7)
1.379(8)
1.388(8)
1.509(8)
1.402(8)
1.384(8)
1.509(8)
1.525(8)
1.514(8)

125.21(18)
115.81(19)
91.3(2)
113.0(2)
91.80(19)
116.57(18)
87.22(19)
38.20(18)
107.08(19)
113.32(19)

C(11)-N(1)-C(17)
C(11)-N(1)-Mo(1)
C(17)-N(1)-Mo(1)
C(21)-N(2)-C(27)
C(21)-N(2)-Mo(1)
C(27)-N(2)-Mo(1)
C(31)-N(3)-C(37)
C(31)-N(3)-Mo(1)
C(37)-N(3)-Mo(1)
C(47)-N(4)-C(41)
C(47)-N(4)-Mo(1)
C(41)-N(4)-Mo(1)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)-C(11)-N(1)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(14)-C(13)-C(131)
C(12)-C(13)-C(131)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(14)-C(15)-C(151)
C(16)-C(15)-C(151)
C(11)-C(16)—C(15)
N(1)-C(17)-C(19)
N(1)-C(17)-C(18)
C(19)-C(17)-C(18)
C(22)-C(21)-C(26)
C(22)-C(21)-N(2)
C(26)-C(21)-N(2)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(24)-C(23)-C(231)
C(22)-C(23)-C(231)
C(23)-C(24)-C(25)
C(24)-C(25)-C(26)
C(24)-C(25)-C(252)
C(26)-C(25)-C(252)
C(21)-C(26)-C(25)
N(2)-C(27)-C(29)
N(2)-C(27)-C(28)
C(29)-C(27)-C(28)
C(36)-C(31)-C(32)
C(36)-C(31)-N(3)

115.7(4)
117.6(3)
126.6(3)
113.7(4)
114.8(3)
131.5(3)
115.9(4)
138.4(3)
105.6(3)
134.8(4)
79.3(3)

145.8(4)
118.2(5)
122.5(5)
119.3(5)
121.1(6)
118.6(6)
121.9(6)
119.4(7)
122.7(6)
118.0(6)
121.4(6)
120.6(6)
121.2(6)
114.4(5)
110.5(5)
111.1(6)
119.0(5)
121.1(5)
119.9(5)
121.8(6)
118.0(6)
120.8(6)
121.1(6)
122.4(6)
118.6(6)
121.9(6)
119.5(7)
120.1(6)
114.0(5)
111.7(5)
110.2(5)
118.6(5)
120.6(5)




C(32)-C(31)-N(3)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(34)-C(33)-C(331)
C(32)-C(33)-C(331)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(34)-C(35)-C(351)
C(36)—C(35)-C(351)
C(31)-C(36)-C(35)
N(3)-C(37)-C(38)
N(3)-C(37)-C(39)
C(38)-C(37)-C(39)
N(4)-C(41)-C(42)
N(4)-C(41)-C(46)
C(42)—C(41)-C(46)

120.8(5)
121.2(5)
118.7(5)
120.3(5)
121.0(6)
121.4(5)
119.2(5)
120.1(5)
120.7(6)
120.9(6)
113.4(5)
112.5(5)
110.5(5)
120.7(5)
121.7(5)
117.5(5)

C(43)-C(42)-C(41)
C(42)-C(43)-C(44)
C(42)-C(43)-C(431)
C(44)-C(43)-C(431)
C(43)-C(44)-C(45)
C(46)-C(45)-C(44)
C(46)—C(45)—C(451)
C(44)-C(45)—C(451)
C(45)-C(46)-C(41)
N(4)-C(47)-C(49)
N(4)-C(47)-C(48)
C(49)-C(47)-C(48)
N(4)-C(47)-Mo(1)
C(49)-C(47)-Mo(1)
C(48)-C(47)-Mo(1)

122.3(5)
119.0(5)
119.8(6)
121.2(6)
120.9(5)
118.9(5)
120.9(5)
120.2(5)
121.3(5)
117.6(5)
118.0(5)
113.2(5)
62.5(3)

118.3(4)
118.5(4)

Table A2.1.3. Anisotropic displacement parameters (A* x 10%) for 2-(n2-imine)-dlg.
The anisotropic displacement factor exponent takes the form: —2m*[ h* a**U'" + ... +2h
ka*b* U] '

Ul U2 U Uz un R
Mo(1) 31(1) 14(1) 29(1) -3(1) —10(1) -5(1)
N(1) 46(3) 24(2) 34(2) -9(2) -3(2) -13(2)
N(2) 39(3) 23(2) 27(2) -1(2) ~-11(2) -7(2)
N(@3) 36(3) 31(2) 38(3) -5(2) -12(2) -12(2)
N#4) 44(3) 18(2) 48(3) 1(2) -26(2) -6(2)
C(1D) 44(3) 26(3) 29(3) 2(2) -9(2) -8(2)
C(12) 40(3) 27(3) 61(4) —4(3) -12(3) -5(3)
C(13) 60(5) 44(4) 80(5) -7(4) -16(4) -29(4)
C(14) 63(4) 25(3) 71(5) -12(3) —8(4) -15(3)
C(15) 49(4) 25(3) 54(4) —4(3) -1(3) -10(3)
C(16) 42(3) 25(3) 47(3) -9(2) -7(3) -9(2)
Cc{7 66(4) 25(3) 38(3) -7(2) —10(3) -14(3)
C(18) 73(5) 69(5) 60(5) -28(4) 7(4) -11(4)
C(19) 94(6) 42(4) 29(3) 0(3) -16(3) -21(4)
C2h 38(3) 28(3) 35(3) -6(2) -7(2) -8(2)
C(22) 40(3) 34(3) 42(3) -5(2) -13(3) -8(3)
C(23) 37(3) 46(4) 43(3) -11(3) -8(3) -6(3)
C(24) 52(4) 52(4) 50(4) -23(3) -10(3) -12(3)
C(25) 63(4) 39(3) 55(4) -19(3) -3(3) —19(3)
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C(26)
CQ7)
C(28)
C(29)
C@31)
C(32)
C(33)
C(34)
C@35)
C(36)
C@37)
C(38)
C(39)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C@7)
C(48)
C(49)
C(131)
C(151)
C(231)
C(252)
C(331)
C(351)
C(431)
C(451)
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59(4)
38(3)
45(4)
47(4)
37(3)
36(3)
36(3)
44(3)
45(3)
41(3)
47(4)
60(4)
434)
33(3)
40(3)
46(4)
42(3)
37(3)
42(3)
37(3)
47(4)
51(4)
80(7)
57(5)
77(5)
118(8)
44(4)
76(5)
69(5)
42(4)

32(3)
35(3)
42(4)
42(3)
27(3)
28(3)
31(3)
22(3)
24(3)
30(3)
22(3)
51(4)
36(3)
25(3)
26(3)
31(3)
43(3)
40(3)
25(3)
20(2)
32(3)
31(3)
65(6)
33(4)
66(5)
45(4)
37(3)
34(3)
37(4)
53(4)

37(3)
35(3)
574)
44(4)
31(3)
38(3)
42(3)
49(4)
41(3)
44(3)
47(3)
58(4)
68(5)
37(3)
36(3)
41(3)
43(3)
45(3)
50(4)
36(3)
51(4)
54(4)
172(11)
107(7)
48(4)
89(6)
62(4)
51(4)
69(5)
63(4)

—3(2)
—3(2)
-1(3)
2(3)
3(2)
0(2)
—1(2)
—3(2)
5(2)
—1(2)
5(2)
-11(3)
—2(3)
—6(2)
=7(2)
—6(2)
—4(3)
-9(3)
-10(2)
2(2)
-16(3)
=3(3)
=32(7)
-17(4)
=3(3)
-18(4)
-14(3)
2(3)
2(3)
—14(3)

-8(3)
-9(2)
-8(3)
-9(3)
~14(2)
~12(2)
~12(3)
-17(3)
~13(3)
~3(3)
—22(3)
~29(4)
~13(3)
~6(2)
~8(2)
~10(3)
~18(3)
-10(3)
~10(3)
~14(2)
~8(3)
~13(3)
—40(7)
-5(5)
~30(4)
~14(6)
—5(3)
—2(4)
—32(4)
~16(3)

-11(3)
—6(3)
0(3)
-14(3)
-9(2)
-7(2)
-9
—4(2)
—6(2)
—6(3)
=7(2)
~14(3)
-14(3)
=7(2)
—8(2)
—2(3)
=5(3)
—14(3)
—9(2)
=7(2)
-12(3)
~16(3)
-33(5)
-3(3)
-22(4)
—41(5)
=5(3)
-12(3)
6(3)
-18(3)




"~ A2.2 X-ray crystal structure of ((-BuNC)Mo(N[i-Pr]Ar); (3-£-BuNC).

Crystals grown from a concentrated pentane solution at —35 °C were coated with
Paratone N oil (Exxon) on a microscope slide. A brown—orange block was selected and
mounted with wax on a glass fiber. A total of 14846 reflections (—15 Ch (116, -14 0k O
9, =21 [J1 J20) were collected at 293(2) K in the € range of 2.08 to 22.50 °, of which
5247 were unique (Rjp = 0.0467). All non—methyl hydrogen atoms were found in the
difference map and refined isotropically. All methyl hydrogen atoms were placed in
calculated (dcuy = 0.96 A) positions. The residual peak and hole electron density were
1.578 and -0.704 e-A~, respectively. The least squares refinement converged normally
with residuals of R; = 0.0647, wR, = 0.1563 based upon I > 201, and GOF = 1.143 (based
on FZ). Crystal and refinement data: Formula = C41HezMOoNy; space group, P2(1)/n; a =
15.1350(14) A; b = 13.5623(12) A; ¢ = 19.6178(18) A; 0. = 90 ° B = 91.1720(10) % y =
90 % V = 4026.0(6) A%; Z = 4; Deye = 1.168 grem™; F(000) = 1516; R; (based on F) =
0.0754; wR, (based on F;) = 0.1605.

Table A2.2.1. Atomic coordinates (x 10% and equivalent isotropic displacement
parameters (A x 10”) for 3--BuNC. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

X y Z Uleq)
Mo(1) 2569(1) 2953(1) 231(1) 26(1)
N(1) 2404(3) 4120(4) -357(2) 31(1)
N(2) 3758(3) 2348(4) 198(2) 34(1)
NQ@3) 1490(3) 2149(4) 277(3) 37(1)
N4) 2709(5) 4052(5) 1624(3) 58(2)
C@1n 1935(4) 3833(5) -971(3) 40(2)
C(12) 1012(5) 3948(5) -1030(4) 46(2)
C(13) 550(5) 3647(6) -1609(4) 48(2)
c(14) 1013(5) 3217(5) -2132(4) 47(2)
C(15) 1930(5) 3102(5) -2100(3) 44(2)
C(16) 2388(5) 3411(5) -1513(3) 34(2)
camn 2542(5) 5215(5) -252(3) 39(2)
C@138) 2557(7) 5755(6) -928(4) 77(3)
c19) 3415(5) 5374(6) 124(4) 55(2)
C(@21) 4056(4) 2302(5) -509(3) 36(2)
C(22) 3848(4) 1466(5) -901(3) 39(2)
C(23) 4149(5) 1412(5) -1571(4) 47(2)
C(24) 4646(5) 2167(6) -1832(4) 52(2)
C(25) 4855(5) 3009(6) -1448(4) 48(2)
C(26) 4558(4) 3057(5) -783(3) 39(2)
C(27) 4437(4) 2088(6) 713(3) 48(2)
C(28) 5109(8) 1368(12) 438(5) 145(7)
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C(29) 4893(7) 3010(8) 991(5) 95(4)

C(31) 1637(4) 1243(5) -104(3) 38(2)

C(32) 2006(4) 419(5) 223(3) 40(2)

C(@33) 2169(5) —451(5) -136(4) 46(2)

C(34) 1946(5) - —477(5) -821(4) 53(2)

C(@35) 1575(5) 340(6) -1159(4) 53(2)

C(@36) 1424(5) 1211(5) -801(3) 44(2)

C@37) 626(4) 2199(5) 646(3) 40(2)

C(38) 525(5) 3243(5) 928(4) 52(2)

C@39) 581(5) 1455(6) 1218(4) 60(2)

Cc@4l) 2659(4) 3588(4) 1114(3) 28(1)

C42) 2690(6) 3867(6) 2375(3) 53(2)

C43) 2311(6) 2871(7) 2529(4) 71(3)

C@44) 3643(7) 3940(8) 2657(4) 86(3)

C45) 2167(10) 4674(9) 2672(5) 128(6)

C(110) 1816(6) 5629(6) 189(5) 68(2)

C(@131) ~436(5) 3782(7) -1660(4) 66(2)

C(151) 2417(5) 2637(6) -2680(3) 52(2)

C(210) 3979(5) 1566(6) 1305(4) 54(2)

C(231) 3948(6) 502(6) —1994(4) 62(2)

C(251) 5375(5) 3835(6) -1740(4) 59(2)

C(310) ~135(5) 2012(7) 126(4) 65(2)

C(331) 2547(6) —1344(5) 225(4) 62(2)

C(351) 1312(6) 307(6) -1927(4) 66(2)

Table A2.2.2. Bond lengths [A] and angles [°] for 3---BuNC.

Mo(1)-C(41) 1.936(6) C(13)-C(14) 1.384(10)
Mo(1)-N(1) 1.972(5) C(13)—C(131) 1.506(10)
Mo(1)-N(3) 1.967(5) C(14)-C(15) 1.396(10)
Mo(1)-N(2) 1.981(5) C(15)—-C(16) 1.398(9)
N(1)-C(11) 1.439(8) C(15)-C1sD 1.505(10)
N(1)-C(17) 1.514(8) C(17)-C(110) 1.521(10)
N@Q2)-C(27) 1.469(8) C(17)-C(18) 1.515(9)
N(Q)-C(21) 1.468(8) C(17)-C(19) 1.515(10)
N@B3)-C@31) 1.457(8) C(21)—C(26) 1.389(9)
N@3)-C@37) 1.510(8) C(21H)-C(22) 1.402(9)
N@#4)-C41) 1.184(8) C(22)-C(23) 1.401(9)
N4)-C(42) 1.495(9) C(23)-C(24) 1.377(10)
C(11)-C(12) 1.409(9) C(23)—C(231) 1.514(10)
C(11)-C(16) 1.400(9) C(24)-C(25) 1.400(10)
C(12)-C(13) 1.383(10) C(25)-C(26) 1.391(9)
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C(25)-C(251)
C(27)-C(28)
C(27)-C(29)
C(27)-C(210)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(33)-C(331)
C(34)-C(35)
C(35)-C(36)
C(35)-C(351)
C(37)-C(39)
C(37)-C(38)
C(37)-C(310)
C(42)-C(45)
C(42)-C(43)
C(42)-C(44)

C(41)-Mo(1)-N(1)
C(41)-Mo(1)-N(3)
N(1)-Mo(1)-N(3)
C(41)-Mo(1)-N(2)
N(1)-Mo(1)-N(2)
N(3)-Mo(1)-N(2)
C(11)-N(1)-C(17)
C(11)-N(1)-Mo(1)
C(17)-N(1)-Mo(1)
C2T)-N(2)-C(21)
C(27)-N(2)-Mo(1)
C(21)-N(2)-Mo(1)
C(31)-N3)-C(37)
C(31)-N(3)-Mo(1)
C(3T)-N(3)-Mo(1)
C(41)-N(4)-C(42)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)—C(11)-N(1)
C(11)-C(12)-C(13)
C(12)-C(13)-C(14)
C(12)-C(13)-C(131)
C(14)-C(13)-C(131)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)

1.490(10)
1.517(12)
1.525(12)
1.537(10)
1.399(9)

1.400(9)

1.399(10)
1.379(10)
1.510(10)
1:403(11)
1.395(10)
1.551(10)
1.511(10)
1.529(10)
1.544(10)
1.476(12)
1.502(11)
1.537(12)

99.9(2)
104.4(2)
112.1Q2)

99.6(2)
114.7(2)
121.92)
116.4(5)
109.1(4)
133.8(4)
114.6(5)
134.4(4)
110.2(4)
115.2(5)
108.0(4)
136.5(4)
137.8(7)
118.9(6)
120.7(6)
120.3(6)
121.2(7)
118.6(7)
120.1(7)
121.2(6)
122.2(7)
118.6(6)

C(14)-C(15)-C(151)
C(16)-C(15)-C(151)
C(11)-C(16)-C(15)
N(1)-C(17)~-C(110)
N(1)-C(17)-C(18)
C(110)-C(17)-C(18)
N(1)-C(17)-C(19)
C(110)-C(17)-C(19)
C(18)-C(17)-C(19)
C(26)-C(21)-C(22)
C(26)-C(21)-N(2)
C(22)-C(21)-N(2)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(24)-C(23)-C(231)
C(22)-C(23)-C(231)
C(23)-C(24)-C(25)
C(24)-C(25)-C(26)
C(24)-C(25)-C(251)
C(26)-C(25)-C(251)
C(21)-C(26)—C(25)
N(2)-C(27)-C(28)
N(2)-C(27)-C(29)
C(28)-C(27)-C(29)
N(2)-C(27)-C(210)
C(28)-C(27)-C(210)
C(29)-C(27)-C(210)
C(32)-C(31)-C(36)
C(32)-C(31)-N(3)
C(36)-C(31)-N(3)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(34)-C(33)-C(331)
C(32)-C(33)-C(331)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(34)-C(35)-C(351)
C(36)-C(35)-C(351)
C(31)-C(36)-C(35)
N(3)-C(37)-C(39)
N(@3)-C(37)-C(38)
C(39)-C(37)-C(38)
N(@3)-C(37)-C(310)
C(39)-C(37)-C(310)

121.0(6)
120.4(7)
120.4(6)
109.9(6)
111.1(5)
110.1(7)
108.8(5)
107.7(6)
109.3(6)
120.2(6)
121.0(6)
118.9(6)
118.9(6)
120.0(7)
120.5(7)
119.4(7)
121.7(7)
118.0(7)
121.4(6)
120.6(7)
121.2(6)
112.0(6)
110.7(6)
110.7(9)
108.1(5)
106.8(8)
108.4(6)
120.3(6)
120.2(6)
119.5(6)
121.1(6)
118.0(7)
121.3(7)
120.6(7)
121.9(7)
119.9(7)
121.9(7)
118.2(7)
118.8(7)
112.3(6)
108.0(5)
110.1(6)
108.5(5)
109.7(6)
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C(38)-C(37)-C(310) 108.2(6) N(4)-C(42)-C(43) 111.4(6)

N(4)-C(41)-Mo(1) 174.2(5) C(45)-C(42)-C(44) 108.5(9)
C(45)-C(42)-N@4) 106.5(6) N(4)-C(42)-C(44) 107.9(7)
C(45)-C(42)-C(43) 112.2(8) C(43)-C(42)-C44) 110.2(7)

Table A2.2.3. Anisotropic displacement parameters (A% x 10%) for 3--BuNC.

Ull U22 U33 U23 U13 U12
Mo(1)  34(1) 23(1) 22(1) 0(1) ~1(1) —3(1)
N(1)  46(3) 22(3) 23(3) ~5(2) ~3(2) ~5(2)
N2)  3903) 35(3) 29(3) 2(2) 2(2) 2(2)
N@3)  4003) 34(3) 36(3) -5(3) 2(2) —6(3)
N@4) 9105 41(4) 41(4) 2(3) ~3(3) 5(3)
Cc(1l)  42(4) 36(4) 40(4) 6(3) ~3(3) —4(3)
C(12)  48(4) 49(5) 40(4) 7(3) ~2(3) 9(4)
C(13)  47(4) 53(5) 44(4) 2(4) ~7(3) 3(4)
C(14)  58(5) 46(4) 36(4) 9(3) ~15(3) ~5(4)
C(15)  61(5) 35(4) 37(4) 6(3) 3(3) ~1(4)
C(16)  48(4) 28(3) 26(3) 2(3) ~1(3) —1(3)
Ca7)  60(5) 21(3) 35(4) 5(3) ~3(3) ~9(3)
C(18)  144(9) 38(5) 48(5) 18(4) ~195)  -23(5)
C(19)  70(5) 42(4) 53(5) 3(4) ~8(4) ~19(4)
c2l)  30(4) 41(4) 36(4) 1(3) 13) 2(3)
C(22) 454) 37(4) 34(4) -5(3) -2(3) 3(3)
C(23) 52(4) 44(4) 45(4) ~10(4) 4(3) 3(4)
C4) 49(4) 65(5) 43(4) -2(4) 10(3) 0(4)
C@25) 454)  55(5) 43(4) ~5(4) 8(3) —9(4)
C@26) 37(4) 42(4) 37(4) -8(3) 0(3) —3(3)
C2T) 33(4) 70(5) 40(4) 10(4) -13) 11(4)
C(28) 119(10)  253(18)  63(7) 8(9) —1(6)  136(11)
CR29)  94(7) 128(9) 62(6) 31(6) -37(5)  -58(7)
C(3l)  39(4) 32(4) 42(4) 03) 13) ~103)
C(32) 514) 29(4) 39(4) ~1(3) ~4(3) —3(3)
C(33) 5305 34(4) 51(5) 0(4) 6(4) ~103)
C(34)  64(5) 32(4) 62(5) ~7(4) 16(4) ~12(4)
Cc35) 525 60(5) 46(4) ~6(4) 4(4) ~25(4)
C(36)  56(4) 34(4) 43(4) ~6(3) -2(3) ~16(3)
C(37)  34(4) 47(4) 40(4) ~2(3) 3(3) ~7(3)
C(38) 43(4) 50(5) 64(5) 04) 8(4) 5(4)
C(39)  59(5) 63(6) 59(5) 13(4) 21(4) 1(4)
C@l) 43(4) 26(3) 14(3) 1(3) ~4(3) 0(3)
C@2) 83(6) 46(5) 30(4) 6(3) —1(4) 5(4)
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C#43)
C(44)

C(45) 236(16)

C(110)
C(131)
C(151)
C(210)
C(231)
C(251)
C(310)
C(331)
C(351)

99(7)
102(8)

77(6)
61(5)
71(5)
61(5)
84(6)
71(5)
36(4)
76(6)
92(7)

75(6)
100(8)
101(9)
47(5)
90(7)
56(5)
57(5)
55(5)
66(5)
81(6)
32(4)
61(5)

39(4)
54(5)
46(6)
80(6)
47(5)
29(4)
43(4)
46(5)
40(4)
78(6)
77(6)
45(5)

44)
6(5)
-12(6)
=5(5)
~11(5)
=5(3)
20(4)
—20(4)
5(4)
—6(5)
=54
~17(4)

11(4)
~15(5)
1(7)
10(5)
-17(4)
4(4)
=1(4)
6(4)
9(4)
~2(4)
0(4)
6(4)

-20(5)
~37(6)
86(10)
34
5(5)
—6(4)
—24)
2(5)
—20(5)
—8(4)
0(4)
—24(5)
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A2.3 X-ray Crystal Structure of (1-AdNC),Mo(N[i-Pr]Ar); (2-(AdANC),).

Crystals grown from a concentrated pentane solution at —35 °C were coated with
Paratone N oil (Exxon) on a microscope slide. A purple block (0.15 x 0.18 x 0.24 mm®)
was selected and mounted with wax on a glass fiber. A total of 10591 reflections (—11 [
h 09, -11 Ok 011, =26 01 024) were collected at 293(2) K in the & range of 2.00 to
22.50° of which 7199 were unique (Rj,; = 0.0689). All non—methyl hydrogen atoms
were found in the difference map and refined isotropically. All methyl hydrogen atoms
were placed in calculated (dcy = 0.96 A) positions. The residual peak and hole electron
density were 1.827 and —1.450 e'A”, respectively. The high residual electron density
values and final R values are attributed to poor crystal and data quality. Attempts to
lower these values by application of a more thorough absorption correction (SADABS)
did not lead to significant improvements. The possibility that these high values can be
attributed to disordered and sub-stoichiometric solvent molecules of co—crystallization
was checked by application of the SQUEEZE crystallographic routine to the diffraction
data. The SQUEEZE output indicated a solvent accessible void space of no greater than
17.3 O of a total volume of 2784.4(5) A’, therefore obviating the possibility of solvent of
co—crystallization. Furthermore, the position of the largest residual peak in the difference
map leads to a chemically unreasonable assignment (1.1 [J from the periphery of the
molecule). The least squares refinement on the original reflection data converged
normally with residuals of R; = 0.1077, wR; = 0.2495 based upon I > 201, and GOF =
1.219 (based on F 2). Crystal and refinement data: Formula = C4HgoMONs; space group,
P-1; a = 10.6383(11) A; b = 10.9340(11) A; ¢ = 24.980(3) A; o = 91.598(2) % B =
101.624(2) % y = 101.257(2) °; V = 2784.4(5) A%, Z = 2; Dege = 1.166 g-cm™; F(000) =
1054; R, (based on F) = 0.1238; wR; (based on F5) = 0.2566.

Table A2.3.1. Atomic coordinates (x 10% and equivalent isotropic displacement
parameters (A2 x.'103) for 2-(AdNC),. U(eq) is defined as one third of the trace of the
orthogonalized U” tensor.

x y z Uleq)
Mo(1) 6525(1) —4005(1) 7217(D) 26(1)
N(1) 7309(8) —4256(8) 6519(3) 35(2)
N@®2) 5448(7) —2706(7) 7163(3) 32(2)
NQ@3) 6478(8) —-4904(7) 7897(3) 39(2)
N#4) 4063(8) —-6085(8) 6500(4) 45(2)
N(5) 9243(9) -2171(9) 7821(4) 49(2)
Ccan 7400(9) -5481(10) 6392(4) 38(2)
C(12) 7815(9) -6200(10) 6818(4) 40(3)
C(13) 7895(10) —7449(10) 6738(5) 45(3)
C14) 7501(11) —7983(11) 6202(5) 55(3)
C(15) 7105(10) =7311(11) 5758(5) 48(3)
C(16) 707009) —6077(10) 5857(4) 40(3)
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C(17)
C(18)
C(19)
c@1)
C(22)
C(23)
C(24)
C(25)
C(26)
C@7)
C(28)
C(29)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C37)
C(38)
C(39)
C@1)
C(42)
C(43)
C(44)
C(45)
C(46)
C@7)
C(48)
C(49)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C61)
C(62)
C(63)
C(64)
C(65)

7354(10)
8113(13)
5989(12)
4037(9)
3446(10)
2095(11)
1333(11)
1884(10)
3248(10)
5910(10)
5808(12)
5216(12)
7490(10)
7413(12)
8360(12)
9372(12)
9492(10)
8532(10)
5390(10)
4989(11)
5791(12)
4895(10)
3099(10)
3697(13)
1966(14)
2622(16)
2568(14)
2221(15)
1521(16)
501(16)
8258(10)
10303(9)
9735(12)
10918(15)
11336(13)
10895(14)
11910(15)
12435(15)
13004(12)
5600(20)
5500(20)
6704(14)
6645(16)
7840(17)

—-3393(10)
—-2097(10)
—3326(13)
-3115(9)
-3695(9)
-4178(10)
—4058(11)
-3470(10)
—-2996(10)
-1372(9)
—1104(11)
-507(10)
—4578(9)
—3646(10)
—3328(10)
—3980(11)
-4903(10)
-5198(10)
-5979(9)
=5931(11)
—7244(10)
-5344(10)
=7097(9)
—8246(12)
=7337(14)
-6718(15)
-9411(14)
—8925(13)
—7888(15)
—-8013(17)
=2792(10)
—-1186(9)
—386(12)
—-344(13)
-1739(12)
639(13)
46(15)
=705(13)
133(14)
3550(30)
2630(20)
2517(17)
1454(17)
1329(17)

6088(4)
6328(5)
5773(5)
7064(4)
7458(5)
7359(5)
6843(5)
6439(5)
6552(5)
7357(5)
7940(5)
6984(6)
8398(4)
8773(4)
9257(4)
9354(5)
8997(4)
8506(4)
7953(4)
8498(5)
7858(6)
6764(4)
6206(4)
6175(6)
6499(7)
5639(6)
5836(6)
5300(6)
5304(6)
5624(8)
7601(4)
8112(4)
8469(6)
7705(5)
8465(6)
8810(6)
9131(6)
8769(7)
8364(7)
10462(10)
10008(8)
9848(6)
9467(7)
9293(7)

42(3)
60(3)
63(4)
35(2)
42(3)
49(3)
52(3)
45(3)
47(3)
42(3)
60(3)
68(4)
39(3)
49(3)
49(3)
52(3)
41(3)
39(2)
41(3)
53(3)
59(3)
36(2)
37(2)
73(4)
84(5)
85(4)
77(4)
73(4)
84(5)
100(6)
39(3)
37(2)
72(4)
76(4)
78(4)
73(4)
85(5)
85(5)
78(4)
171(12)
118(7)
83(4)
94(5)
100(5)
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C(131) 8413(12) -8149(12) 7211(5) 63(3)
C(51) 6718(12) —7899(12) 5196(5) 64(4)

C(231) 1500(13) —4887(12) 7780(5) 63(3)

C(@251) 1052(11) -3382(14) 5888(6) 72(4)

C(331D 8243(14) -2349(13) 9661(5) 75(4)

C@351) 10625(12) —5574(13) 9106(5) 67(4)

C(410) 878(16) —8496(16) 6151(7) 90(5)

C4ll) 1527(16) -9571(15) 6166(7) 88(5)

C(510) 11978(13) 697(13) 8025(6) 74(4)

C(511) 11368(17) 1453(13) 8410(6) 86(5)

Table A2.3.2. Bond lengths [A] and angles [°] for 2-(AdNC),.

Mo(1)-N(2) 1.983(8) C(23)-C(231) 1.494(16)
Mo(1)-N(3) 1.990(8) C(24)-C(25) 1.380(16)
Mo(1)-C(51) 2.083(11) C(25)-C(206) 1.410(15)
Mo(1)-N(1) 2.112(8) C(25)-C(251) 1.495(16)
Mo(1)-C(41) 2.135(11) C(27)—C(28) 1.507(16)
N(1)-C(11) 1.395(13) C27)-C(29) 1.533(15)
N(1)—-C(17) 1.454(13) C(31)-C(36) 1.394(14)
N(2)-C(21) 1.448(12) C(31)-C(32) 1.389(15)
N(2)-C(27) 1.480(12) C(32)-C(33) 1.396(15)
N(3)-C@31) 1.462(13) C(33)-C(34) 1.389(16)
N@3)-C@37) 1.511(12) C(33)-C@331) 1.490(17)
N(4)-C41) 1.153(12) C(34)-C(35) 1.370(16)
N@4)-C@42) 1.422(13) C(35)-C(36) 1.414(14)
N(5)-C(51) 1.153(13) C(35)-C(351) 1.513(16)
N(5)-C(52) 1.454(13) C(37)-C(38) 1.509(15)
C(11)-C(12) 1.391(14) C(37)-C(39) 1.550(15)
C(11)-C(16) 1.418(14) C(42)-C@45) 1.504(17)
C(12)-C(13) 1.396(15) C(42)-C43) 1.522(16)
C(13)-C(14) 1.395(16) C42)-C44) 1.516(17)
C(13)—-C(131) 1.497(16) C(43)—C(46) 1.648(19)
C(14)-C(15) 1.386(17) C44)-C410) 1.63(2)
C(15)—-C(16) 1.374(15) C(45)-C(48) 1.63(2)
C(15)-C(151) 1.473(16) C(46)-C@47) 1.46(2)
C(17)—C(18) 1.527(15) C(46)-C411) 1.50(2)
C(17)-C(19) 1.522(15) C47)-C(48) 1.47(2)
C(21)—C(22) 1.376(14) C(48)-C(49) 1.46(2)
C(21)-C(26) 1.406(15) C(49)-C(410) 1.44(2)
C(22)-C(23) 1.400(15) C(52)-C(55) 1.500(16)
C(23)-C(24) 1.401(17) C(52)—-C(53) 1.519(17)
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C(52)-C(54)
C(53)-C(56)
C(54)-C(510)
C(55)-C(58)
C(56)-C(57)
C(56)-C(511)
C(57)-C(58)
C(58)-C(59)
C(59)-C(510)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)
C(64)-C(65)
C(410)-C(411)
C(510)-C(511)

N(2)-Mo(1)-N(3)
N(2)-Mo(1)-C(51)
N(3)-Mo(1)-C(51)
N(2)-Mo(1)-N(1)
N(3)-Mo(1)-N(1)
C(51)-Mo(1)-N(1)
N(2)-Mo(1)-C(41)
N(3)-Mo(1)-C(41)
C(51)-Mo(1)-C(41)
N(1)-Mo(1)-C(41)
C(11)-N(1)-C(17)
C(11)-N(1)-Mo(1)
C(17)-N(1)-Mo(1)
C(21)-N(2)-C(27)
C(21)-N(2)-Mo(1)
C(27)-N(2)-Mo(1)
C(31)-N(3)-C(37)
C(31)-N(3)-Mo(1)
C(37)-N(3)-Mo(1)
C(41)-N(4)-C(42)
C(51)-N(5)-C(52)
N(1)-C(11)-C(12)
N(1)-C(11)-C(16)
C(12)-C(11)-C(16)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(14)-C(13)-C(131)
C(12)-C(13)-C(131)

1.547(16)
1.577(17)
1.514(18)
1.517(17)
1.48(2)
1.46(2)
1.46(2)
1.52(2)
1.49(2)
1.47(3)
1.45(2)
1.46(2)
1.45(2)
1.47(2)
1.56(2)

111.6(3)
94.7(4)
90.8(4)
114.1(3)
133.9(3)
90.7(4)
90.7(3)
91.6(4)
172.8(4)
82.7(3)
117.3(8)
115.0(6)
124.6(7)
113.5(8)
117.9(6)
126.5(6)
113.0(8)
123.2(6)
123.8(6)
173.9(11)
167.1(11)
118.6(9)
124.9(9)
116.5(10)
123.2(10)
116.8(10)
122.7(11)
120.4(11)

C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(16)-C(15)-C(151)
C(14)-C(15)-C(151)
C(15)-C(16)-C(11)
N(1)-C(17)-C(18)
N(1)-C(17)-C(19)
C(18)-C(17)-C(19)
C(22)-C(21)-C(26)
C(22)-C21)-N(2)
C(26)-C(21)-N(2)
C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
C(22)-C(23)-C(231)
C(24)-C(23)-C(231)
C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(24)-C(25)-C(251)
C(26)-C(25)-C(251)
C(21)-C(26)-C(25)
N(2)-C(27)-C(28)
N(2)-C(27)~C(29)
C(28)-C(27)-C(29)
C(36)-C(31)-C(32)
C(36)-C(31)-N(3)
C(32)-C(31)-N(3)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(34)-C(33)-C(331)
C(32)-C(33)-C(331)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(34)-C(35)-C(351)
C(36)-C(35)-C(351)
C(31)-C(36)-C(35)
N(3)-C(37)-C(38)
N(3)-C(37)-C(39)
C(38)-C(37)-C(39)
N(4)-C(41)-Mo(1)
N(4)-C(42)-C(45)
N(4)-C(42)-C(43)
C(45)-C(42)-C(43)
N(4)-C(42)-C(44)
C(45)-C(42)-C(44)

122.7(11)
118.2(11)
120.5(11)
121.3(11)
122.4(10)
110.1(9)
112.1(9)
110.6(10)
118.5(9)
120.7(9)
120.7(9)
121.8(10)
118.5(10)
120.4(11)
120.9(10)
121.5(10)
118.5(10)
120.3(10)
121.1(11)
121.1(10)
113.4(9)
112.7(9)
109.5(10)
119.6(10)
120.6(9)
119.9(10)
120.9(11)
117.9(11)
122.0(11)
120.1(12)
123.4(11)
117.8(10)
122.2(10)
120.0(10)
120.5(10)
113.5(8)
110.3(8)
109.5(9)
175.9(9)
108.4(10)
109.7(9)
110.1(10)
108.0(9)
109.2(11)
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C(43)-C(42)—C44) 111.4(11) C(52)-C(55)—-C(58) 109.9(11)
C(42)—-C(43)-C(46) 109.1(10) C(57)-C(56)-C(511) 113.6(13)
C(42)-C(44)—-C(410) 106.8(11) C(57)-C(56)-C(53) 110.5(12)
C(42)-C(45)-C(48) 107.9(11) C(511)-C(56)—C(53) 105.5(12)
C(47)-C(46)-C411) 115.6(14) C(58)-C(57)-C(56) 110.6(13)
C@47)-C(46)—-C(43) 102.3(12) C(57)-C(58)—C(59) 108.9(12)
C(411)-C(46)—-C(43) 103.4(12) C(57)-C(58)—-C(55) 109.0(14)
C(46)-C(47)-C(48) 113.7(12) C(59)-C(58)—C(55) 110.1(12)
C(49)-C48)-C@4T) 117.0(15) C(510)—C(59)—C(58) 110.8(11)
C(49)-C(48)—-C(45) 102.3(13) C(63)-C(62)-C(61) 117.0(18)
C(47)-C(48)-C(45) 104.7(12) C(62)—C(63)-C(64) 117.0(16)
C(48)—C(49)—-C(410) 113.2(13) C(65)-C(64)—C(63) 118.0(15)
N(5)-C(51)-Mo(1) 176.7(10) C(49)-C(410)-C411) 117.1(15)
N(5)-C(52)-C(55) 110.3(9) C(49)-C(410)-C@4) 103.4(14)
N(5)—-C(52)-C(53) 108.1(8) C(411)-C(410)-C(44) 106.1(14)
C(55)-C(52)—C(53) 109.6(11) C(410)-C(411)-C(46) 112.3(13)
N(5)-C(52)-C(54) 110.7(9) C(59)-C(510)—C(54) 108.6(12)
C(55)-C(52)—C(54) 109.8(11) C(59)-C(510)-C(511) 109.1(12)
C(53)-C(52)-C(54) 108.3(10) C(54)-C(510)-C(511) 109.1(12)
C(52)—C(53)—C(56) 108.2(10) C(56)-C(511)—C(510) 109.2(11)
C(510)-C(54)-C(52) 109.0(10)
Table A2.3.3. Anisotropic displacement parameters (A% x 10°) for 2-(AdNC),.

U Uz U UB ur U2
Mo(1) 20(1) 22(1) 31(1) 2(1) 1(1) —4(1)
N(1) 32(5) 42(5) 28(4) 7(4) 6(4) -3(4)
N(2) 24(4) 27(4) 39(5) 8(4) 4(4) -7(3)
NQ@3) 30(5) 34(5) 45(5) 4(4) 14(4) -16(4)
N@#4) 31(5) 44(5) 49(6) -8(5) -1(4) -7(5)
N(5) 39(6) 53(6) 48(6) —-6(5) 9(5) —-10(5)
C(11) 30(6) 46(7) 35(6) 0(5) 7(5) 4(5)
C(12) 27(5) 48(7) 42(6) 9(5) 4(5) 6(5)
C(13) 37(6) 42(7) 57(8) 13(6) 8(5) 11(5)
C(14) 39(7) 47(7) 76(9) 1(7) 11(6) 6(6)
C(15) 29(6) 52(7) 59(8) -9(6) 3(5) 4(5)
C(16) 23(5) 51(7) 45(7) 7(5) 1(5) 12(5)
C(17) 46(6) 45(6) 36(6) 11(5) 10(5) 5(5)
C(18) 83(9) 44(7) 60(8) 18(6) 42(7) -3(6)
C(19) 56(8) 89(10) 54(8) 31(7) 15(6) 29(7)
C(21) 26(5) 33(6) 44(6) -3(5) 5(5) 5(4)
C(22) 39(6) 35(6) 53(7) 6(5) 8(5) 6(5)

144




C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(@1)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(61)
C(62)
C(63)
C(64)
C(65)
C(131)
C(151)
C(231)
C(251)
C(331)

39(7)
27(6)
28(6)
44(7)
35(6)
61(8)
52(8)
43(6)
55(7)
58(8)
50(7)
41(6)
35(6)
32(6)
53(7)
55(8)
25(6)
40(6)
56(8)
64(9)
92(11)
75(10)
82(10)
80(11)
60(10)
32(6)
23(5)
48(8)
87(10)
61(9)
63(9)
73(10)
71(10)
32(7)
89(15)
108(16)
55(9)
72(11)
97(13)
52(8)
56(8)
59(8)
31(7)
78(10)

43(7)
53(7)
44(6)
37(6)
20(5)
36(7)
33(7)
37(6)
40(6)
43(7)
60(8)
41(6)
39(6)
40(6)
48(7)
26(6)
37(6)
35(6)
56(8)
67(9)
83(11)
75(10)
75(10)
97(12)
94(13)
42(6)
32(6)
58(8)
71(9)
55(8)
64(9)
79(11)
61(9)
78(10)
260(30)
161(19)
115(13)
106(13)
117(14)
53(8)
68(9)
65(8)
92(10)
82(10)

64(8)
73(9)
61(7)
59(8)
66(8)
72(9)
103(11)
30(6)
45(7)
35(6)
37(7)
34(6)
41(6)
42(6)
51(7)
87(10)
44(6)
33(6)
98(11)
109(12)

- 70(10)

84(11)
59(9)
67(10)
135(17)
42(6)
47(6)
93(11)
54(8)
90(11)
78(10)
70(10)
91(11)
108(12)
150(20)
82(13)
73(10)
91(12)
91(12)
82(9)
66(9)
66(9)
83(10)
58(8)

—1(6)
5(6)
5(6)
17(5)
1(5)
—22(6)
4(7)
7(5)
2(5)
3(5)
10(6)
15(5)
6(5)
11(5)
6(6)
6(6)
3(5)
=3(5)
12(8)
-14(9)
5(8)
-12(8)
=17(7)
13(9)
—26(12)
4(5)
0(5)

- =16(7)

16(7)
12(7)
-23(8)
11(8)
-9(9)
~-14(9)
-90(20)
16(13)
10(10)
10(11)
11(10)
9(7)
-12(7)
8(7)
21(8)
=19(7)

21(6)
10(6)
3(5)
13(6)
9(5)
6(7)
~13(7)
3(5)
7(6)
0(6)
0(6)
~3(5)
11(5)
7(5)
15(6)
11(7)
6(5)
4(5)
10(8)
28(9)
6(8)
19(8)
17(8)
~10(8)
—9(11)
9(5)
~1(5)
5(7)
12(7)
~25(8)
8(8)
~19(8)
—46(9)
14(8)
31(14)
15(11)
0(8)
0(9)
33(10)
6(7)
1(7)
20(7)
—9(6)
6(7)

=3(5)
2(5)
7(5)
2(5)
-1(4)
—6(6)
2(6)
=5(5)
-4(5)
-4(6)
-3(6)
1(5)
2(5)
~13(5)
-8(6)
-8(5)
5(5)
7(5)
~2(7)
~25(7)
6(9)
23(8)
9(8)
27(9)
25(9)
0(5)
~10(4)
~13(6)
~20(8)
~11(7)
~9(7)
-30(8)
10(8)
~20(7)
32(17)
23(14)
14(9)
0(10)
20(11)
17(6)
25(7)
1(7)
97
13(8)
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C(351)
C(410)
C@411)
C(510)
C(511)

54(8)
69(10)
90(12)
58(9)
120(13)

84(10)
101(13)
71(10)
80(10)
42(8)

61(8)
103(13)
104(13)
65(9)
88(11)

18(7)
4(10)
5(9)

27(8)
12(8)

3(7)
45(10)
39(10)
12(7)
4(10)

16(7)
0(9)
-109)
=35(8)
1909)
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A2.4 X-ray crystal structure of [Na(THF)][(u-P)Mo,(N[i-Pr]Ar)s] ([Na(THF)][2,-p-
P)).

Crystals of [Na(THF)][2,-n-P] grown from a concentrated pentane solution at 35
°C were coated with Paratone N oil (an Exxon product) on a microscope slide. A purple
block of approximate dimensions 0.22 x 0.18 x 0.11 mm’ was selected and mounted with
wax on a glass fiber. A total of 27959 reflections (-8 [0k (019, -19 Ok 019, =24 01 O
24) were collected at 183(2) K in the [range of 2.28 to 23.29° of which 10061 were
unique (R = 0.0890). The structure was solved using the Patterson method (SHELXTL
V5.1, G. M. Sheldrick and Siemens Industrial Automation, Inc., 1997) in conjunction
with standard difference Fourier techniques. All non-hydrogen atoms were refined
anisotropically and hydrogen atoms were placed in calculated (dcy = 0.96 A) positions.
The residual peak and hole electron density were 1.143 and —1.027 e-A”, respectively. A
semi-empirical absorption correction was applied based on pseudo-psi-scans with
maximum and minimum transmission equal to 0.3094 and 0.2072, respectively. The least
squares refinement converged normally with residuals of R; = 0.0845, wR; = 0.1659
based on I > 20 and GOF = 1.213 (based on FQ). The final values of R; and wR; may be
explained if the Rj, = 0.0890 value is taken into consideration. Also, the molecule
contains a molecule of coordinated tetrahydrofuran that is slightly disordered. This
thermal disorder has not been modeled. No extinction coefficient was applied to the
refinement. Crystal and refinement data: formula = C;0H;04sN¢M0,PNaO, space group
P2i/c, a = 17.724(4) A, b = 17.853(4) A, ¢ = 22.301(5) A, o = 90°, B = 96.392(5)°, y =
90°, Z = 4, V = 7013(3) A’, Deaiea = 1.223 grem™, F(000) = 2736, R (based on F) =
0.1061, wR (based on F*) = 0.1745.

Table A2.4.°]_. Atomic coordinates [x 10%] and equivalent isotropic displacement
parameters [A2 X 103] for [Na(THF)][2,-p-P]. U(eq) is defined as one third of the trace
of the orthogonalized Uj; tensor.

X y z Uleq)
Mo(1) 2437(1) 9136(1) 8657(1) 23(1)
Mo(2) 2660(1) 6701(1) 8561(1) 25(1)
p 2585(1) 7929(1) 8569(1) 26(1)
N(1) 1400(3) 9171(3) 8984(2) 30(1)
N(2) 2483(3) 9482(3) 7800(2) 28(1)
N(5) 2083(3) 6557(3) 9304(3) 33(1)
C(52) 2741(5) 5564(4) 9931(3) 41(2)
C(53) 2746(6) 4862(5) 10208(4) 56(3)
C(24) 2275(5) 118394)  7761(3) 39(2)
N(@3) 3317(3) 9379(3) 9244(3) 31(1)
C(59) 2590(6) 7339(5) 10198(4) 57(2)
C2n 2401(4) 10276(3)  7741(3) 26(2)
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N(6)
C(45)
C(51)
C(23)
C(11)
C(61)
C(44)
C(67)
C(28)
C(25)
C(43)
C(35)
C@7)
C(26)
C(42)
C(12)
C(33)
C(36)
C(41)
C(15)
C(22)
C(34)
C(66)
C(351)
C(16)
C(57)
C(56)
C(58)
C(31)
C(451)
C(14)
C(54)
C(251)
C(46)
C(62)
C(32)
C(231)
C(13)
N(4)
C(431)
C(63)
C(39)
C(29)
C(37)
C(38)
C(64)

3766(3)
2295(7)
2093(5)
2661(5)
752(4)

4021(5)
2422(6)
4382(5)
2346(6)
1932(4)
2390(5)
3984(4)

- 2779(5)

1974(4)
2222(5)
265(4)

3332(4)
3849(4)
2136(5)
-115(5)
2745(5)
3725(5)
4221(5)
4424(5)
558(5)

1914(5)
1466(5)
1215(6)
3463(4)
2309(9)
-598(5)
2102(7)
1530(5)
2164(6)
4049(5)
3211(4)
3013(6)
-407(5)
2050(4)
2506(6)
4276(5)
4694(4)
3641(5)
3892(5)
3891(6)
4472(5)

6615(3)
4582(5)
5824(4)
11499(4)
8733(4)
5863(4)
4142(4)
7188(4)
9153(5)
11418(4)
4438(4)
11263(4)
9056(4)
10642(4)
5203(4)
8460(4)
11414(4)
10496(4)
5680(4)
8218(5)
10723(4)
11710(4)
5343(4)
11593(5)
8589(4)
7153(4)
5366(5)
6975(5)
10179(4)
4242(5)
7983(5)
4439(5)
11776(4)
5343(4)
5666(5)
10651(4)
11972(5)
8094(5)
6449(3)
3954(4)
4948(5)
9037(5)
9105(5)
8925(4)
9061(5)
4444(5)

8596(3)
7015(4)
9580(3)
7336(3)
8812(3)
8460(4)
7521(4)
8685(5)
6691(4)
8177(4)
8084(4)
8783(3)
7308(3)
8136(3)
8133(4)
9214(4)
9683(4)
8804(3)
7631(3)
7993(4)
7328(3)
9223(4)
8911(4)
8302(4)
8195(4)
9744(3)
9514(4)
10064(4)
9255(3)
6389(4)
8409(5)
10134(5)
8666(4)
7070(4)
7860(4)
9685(4)
6867(4)
9025(4)
7745(3)
8647(4)
7704(5)
9429(5)
7312(4)
9608(4)
10293(4)
8179(5)

37(2)
67(3)
37(2)
41(2)
312)
44(2)
58(3)
54(2)
64(3)
37(2)
47(2)
37(2)
42(2)
322)
45(2)
41(2)
42(2)
34(2)
44(2)
51(2)
36(2)
43(2)
42(2)
56(2)
42(2)
39(2)
53(2)
59(3)
32(2)
103(5)
56(3)
67(3)
48(2)
63(3)
49(2)
35(2)
61(3)
51(2)
40(2)
53(3)
59(3)
59(3)
62(3)
44(2)
68(3)
62(3)




C(18)
camn
C(55)
C(@331)
c@dmn
C(631)
C(49)
C(531)
C(65)
C(151)
C(19)
C(651)
C(131)
C(69)
C(68)
C(551)
C@48)
Na

C(3S)
C(1S)
C(4S)
C(25)

596(5)
1335(5)
1460(7)
3047(5)
1883(7)
4310(7)
2599(8)
3460(7)
4454(5)
-360(6)
1512(6)
4667(6)
-925(6)
4947(7)
4790(7)
757(7)
1120(11)
966(2)
82(5)
-379(12)
-601(9)
116(11)
-755(12)

10193(5)
9747(5)
4660(5)
11923(5)
6968(5)
4731(6)
7094(5)
4601(6)
4629(5)
8118(6)
9454(6)
4059(5)
7831(6)
7019(6)
7301(6)
4168(6)
6831(10)
7085(2)
6204(5)
5013(10)
6081(9)
5585(16)
5358(12)

9358(5)
9455(4)
9783(5)
10147(5)
7221(4)
7054(5)
6895(4)
10592(5)
8772(5)
7324(4)
10095(4)
9267(5)
9474(5)
9231(6)
8123(7)
9667(7)
6854(7)
8491(2)
8226(5)
8099(8)
8489(11)
7784(11)
8649(11)

76(3)
47(2)
70(3)
64(3)
63(3)
82(4)
86(4)
80(3)
54(2)
74(3)
83(4)
78(3)
82(3)
105(5)
105(5)
115(5)
171(8)
54(1)
108(3)
144(7)
192(11)
200(10)
193(9)

Table A2.4.2. Bond lengths [A] and angles [°] for [Na(THF)][2,-p-P].

Mo(1)-N(3)
Mo(1)-N(2)
Mo(1)-N(1)
Mo(1)-P
Mo(2)-N(6)
Mo(2)-N(5)
Mo(2)-N(4)
Mo(2)-P
Mo(2)-Na
P-Na
N(1)-C(11)
N(1)-C(17)
N(2)-C(21)
N(2)-C(27)
N(5)-C(51)
N(5)-C(57)
N(5)-Na

1.970(6)
2.017(5)
2.051(6)
2.183(2)
1.959(6)
2.059(6)
2.059(6)
2.197(2)
3.066(3)
3.228(4)
1.406(9)
1.484(9)
1.430(8)
1.478(9)
1.445(9)
1.499(9)
2.702(7)

C(52)-C(51)
C(52)-C(53)
C(53)-C(54)

C(53)-C(531)

C(24)-C(23)
C(24)-C(25)
N(@3)-C(31)
N(@3)-C(37)
C(59)-C(57)
C(21)-C(26)
C(21)-C(22)
N(6)-C(61)
N(6)-C(67)
C(45)-C(44)
C(45)-C(406)

C(45)-C(451)

C(51)-C(56)

1.395(11)
1.398(11)
1.363(14)
1.519(13)
1.373(11)
1.386(11)
1.450(9)

1.474(9)

1.517(11)
1.388(10)
1.408(10)
1.461(9)

1.494(10)
1.374(12)
1.386(12)
1.525(12)
1.375(11)
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C(23)-C(22)
C(23)-C(231)
C(11)-C(12)
C(11)-C(16)
C(11)-Na
C(61)-C(66)
C(61)-C(62)
C(44)-C(43)
C(67)-C(69)
C(67)-C(68)
C(28)-C(27)
C(25)-C(26)
C(25)-C(251)
C(43)-C(42)
C(43)-C(431)
C(35)-C(34)
C(35)-C(36)
C(35)-C(351)
C(27)-C(29)
C(42)-C(41)
C(12)-C(13)
C(33)-C(32)
C(33)-C(34)
C(33)-C(331)
C(36)-C(31)
C(41)-C(46)
C(41)-N(4)
C(15)-C(14)
C(15)-C(16)
C(15)-C(151)
C(15)-Na
C(66)-C(65)
C(16)-Na
C(57)-C(58)
C(57)-Na
C(56)-C(55)
C(31)-C(32)
C(14)-C(13)
C(54)-C(55)
C(62)-C(63)
C(13)-C(131)
N(4)-C(47)
N(4)-Na
C(63)-C(64)
C(63)-C(631)
C(39)-C(37)
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1.395(10)
1.530(11)
1.401(10)
1.404(11)
3.062(8)

1.386(11)
1.388(11)
1.369(11)
1.517(14)
1.529(14)

" 1.511(11)

1.391(10)
1.510(11)
1.404(11)
1.518(11)
1.383(11)
1.391(10)
1.516(11)
1.529(12)
1.402(11)
1.383(11)
1.380(11)
1.406(11)
1.505(11)
1.399(10)
1.392(11)
1.409(9)

1.395(13)
1.394(11)
1.517(12)
2.920(9)

1.384(11)
2.839(8)

1.531(11)
3.099(9)

1.397(12)
1.386(10)
1.393(13)
1.366(14)
1.399(12)
1.506(13)
1.494(10)
2.908(8)

1.402(13)
1.508(13)
1.532(11)

C(@37)-C(38)
C(64)-C(65)
C(18)-C(17)
C(17)-C(19)
C(55)-C(551)
C47)-C(48)
C@47)-C(49)
C(65)-C(651)
Na-O
0-C(15)
0-C(4S)
C(35)-C4S)
C(3S)-C(2S)
C(15)-C(2S)

N(3)-Mo(1)-N(2)
N(3)-Mo(1)-N(1)
N(2)-Mo(1)-N(1)
N(3)-Mo(1)-P
N(2)-Mo(1)-P
N(1)-Mo(1)-P
N(6)-Mo(2)-N(5)
N(6)-Mo(2)-N(4)
N(5)-Mo(2)-N(4)
N(6)-Mo(2)-P
N(5)-Mo(2)-P
N(4)-Mo(2)-P
N(6)-Mo(2)-Na
N(5)-Mo(2)-Na
N(4)-Mo(2)-Na
P-Mo(2)-Na
Mo(1)-P-Mo(2)
Mo(1)-P-Na
Mo(2)-P-Na
C(11)-N(1)-C(17)
C(11)-N(1)-Mo(1)
C(17)-N(1)-Mo(1)
C(21)-N(2)-C(27)
C(21)-N(2)-Mo(1)
C(27)-N(2)-Mo(1)
C(51)-N(5)-C(57)
C(51)-N(5)-Mo(2)
C(57)-N(5)-Mo(2)
C(51)-N(5)-Na
C(57)-N(5)-Na
Mo(2)-N(5)-Na

1.547(12)
1.368(13)
1.526(12)
1.521(13)
1.522(15)
1.52(2)
1.55(2)
1.518(12)
2.252(8)
1.42(2)
1.49(2)
1.56(3)
1.58(3)
1.38(2)

116.7(2)
115.6(2)
117.3(2)
100.6(2)
101.5(2)
100.6(2)
122.8(3)
116.3(3)
115.2(3)
97.9(2)
94.7(2)
101.5(2)
171.5(2)
59.9(2)
65.8(2)
73.59(8)
173.87(10)
110.51(9)
65.66(8)
116.9(6)
128.5(4)
114.6(4)
118.8(5)
112.1(4)
126.9(4)
111.0(5)
118.2(4)
126.3(4)
125.1(5)
90.4(4)
78.9(2)




C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(54)-C(53)-C(531)
C(52)-C(53)-C(531)
C(23)-C(24)-C(25)
C(31)-N(3)-C(37)
C(31)-N(3)-Mo(1)
C(37)-N(3)-Mo(1)
C(26)-C(21)-C(22)
C(26)-C(21)-N(2)
C(22)-C(21)-N(2)
C(61)-N(6)-C(67)
C(61)-N(6)-Mo(2)
C(67)-N(6)-Mo(2)
C(44)-C(45)-C(46)
C(44)-C(45)-C(451)
C(46)-C(45)-C(451)
C(56)-C(51)-C(52)
C(56)-C(51)-N(5)
C(52)-C(51)-N(5)
C(24)-C(23)-C(22)
C(24)-C(23)-C(231)
C(22)-C(23)-C(231)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)-C(11)-N(1)
C(12)-C(11)-Na
C(16)-C(11)-Na
N(1)-C(11)-Na
C(66)-C(61)-C(62)
C(66)-C(61)-N(6)
C(62)-C(61)-N(6)
C(43)-C(44)-C(45)
N(6)-C(67)-C(69)
N(6)-C(67)-C(68)
C(69)-C(67)-C(68)
C(24)-C(25)-C(26)
C(24)-C(25)-C(251)
C(26)-C(25)-C(251)
C(44)-C(43)-C(42)
C(44)-C(43)-C(431)
C(42)-C(43)-C(431)
C(34)-C(35)-C(36)
C(34)-C(35)-C(351)
C(36)-C(35)-C(351)
N(2)-C(27)-C(28)

120.7(8)
118.6(9)
122.2(9)
119.2(10)
120.9(7)
114.9(5)
110.8(4)
133.9(5)
117.1(6)
117.7(6)
125.1(6)
114.7(6)
113.3(5)
131.8(5)
120.0(8)
120.5(8)
119.5(8)
117.9(7)
121.4(7)
120.7(7)
120.7(7)
120.1(7)
119.2(7)
117.5(7)
124.2(7)
118.2(7)
85.2(4)
67.5(4)
118.6(4)
119.8(8)
121.6(7)
118.6(7)
121.0(8)
112.1(7)
112.7(8)
110.7(10)
117.8(7)
122.1(6)
120.1(7)
118.4(7)
121.6(7)
120.0(7)
118.3(7)
121.0(7)
120.7(7)
115.5(7)

N(2)-C(27)-C(29)
C(28)-C(27)-C(29)
C(21)-C(26)-C(25)
C(41)-C(42)-C(43)
C(13)-C(12)-C(11)
C(32)-C(33)-C(34)
C(32)-C(33)-C(331)
C(34)-C(33)-C(331)
C(35)-C(36)-C(31)
C(46)-C(41)-C(42)
C(46)-C(41)-N(4)
C(42)-C(41)-N(4)
C(14)-C(15)-C(16)
C(14)-C(15)-C(151)
C(16)-C(15)-C(151)
C(14)-C(15)-Na
C(16)-C(15)-Na
C(151)-C(15)-Na
C(23)-C(22)-C(21)
C(35)-C(34)-C(33)
C(65)-C(66)-C(61)
C(15)-C(16)-C(11)
C(15)-C(16)-Na
C(11)-C(16)-Na
N(5)-C(57)-C(59)
N(5)-C(57)-C(58)
C(59)-C(5T)-C(58)
N(5)-C(57)-Na
C(59)-C(57)-Na
C(58)-C(57)-Na
C(51)-C(56)-C(55)
C(32)-C(31)-C(36)
C(32)-C(31)-N(3)
C(36)-C(31)-N(3)
C(13)-C(14)-C(15)
C(53)-C(54)-C(55)
C(45)-C(46)-C(41)
C(61)-C(62)-C(63)
C(33)-C(32)-C(31)
C(12)-C(13)-C(14)
C(12)-C(13)-C(131)
C(14)-C(13)-C(131)
C(41)-N(4)-C(47)
C(41)-N(4)-Mo(2)
C(47)-N(4)-Mo(2)
C(41)-N(4)-Na

113.8(7)
113.8(8)
123.2(7)
122.3(8)
122.7(8)
117.6(7)
122.0(8)
120.4(7)
121.4(7)
116.3(7)
126.8(7)
116.9(7)
119.6(8)
119.3(8)
121.0(9)
87.9(5)

72.8(5)

113.3(6)
120.0(7)
122.0(7)
120.9(9)
120.8(8)
79.3(5)

85.3(4)

113.1(7)
112.9(7)
110.8(7)
60.7(4)

156.8(5)
91.5(5)

122.4(9)
118.2(7)
122.6(7)
119.1(6)
121.0(8)
123.0(8)
121.8(8)
120.8(8)
122.4(8)
118.3(8)
120.8(9)
120.9(9)
118.6(6)
108.4(4)
126.5(5)
125.1(5)
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C(47)-N(4)-Na
Mo(2)-N(4)-Na
C(62)-C(63)-C(64)
C(62)-C(63)-C(631)
C(64)-C(63)-C(631)
N(3)-C(37)-C(39)
N(3)-C(37)-C(38)
C(39)-C(37)-C(38)
C(65)-C(64)-C(63)
N(1)-C(17)-C(19)
N(1)-C(17)-C(18)
C(19)-C(17)-C(18)
C(54)-C(55)-C(56)
C(54)-C(55)-C(551)
C(56)-C(55)-C(551)
N(4)-C(47)-C(48)
N(4)-C(47)-C(49)
C(48)-C(47)-C(49)
C(64)-C(65)-C(66)
C(64)-C(65)-C(651)
C(66)-C(65)-C(651)
O-Na-N(5)
0O-Na-C(16)
N(5)-Na-C(16)
O-Na-N(4)
N(5)-Na-N(4)
C(16)-Na-N(4)
O-Na-C(15)
N(5)-Na-C(15)
C(16)-Na-C(15)
N(4)-Na-C(15)
O-Na-C(11)

96.9(6)
74.02)
117.009)
121.2(9)
121.8(8)
113.0(6)
112.3(7)
109.9(7)
123.0(8)
113.7(7)
113.3(7)
113.4(8)
117.4(9)
123.009)
119.6(10)
114.1(10)
110.9(8)
119.9(10)
118.5(9)
120.7(8)
120.8(9)
111.6(3)
116.6(3)
129.4(2)
93.6(3)
76.5(2)
113.8(2)
88.7(3)
153.9(2)
28.0(2)
120.0(2)
129.2(3)

N(5)-Na-C(11)
C(16)-Na-C(11)
N(4)-Na-C(11)
C(15)-Na-C(11)
O-Na-Mo(2)
N(5)-Na-Mo(2)
C(16)-Na-Mo(2)
N(4)-Na-Mo(2)
C(15)-Na-Mo(2)
C(11)-Na-Mo(2)
0-Na-C(57)
N(5)-Na-C(57)
C(16)-Na-C(57)
N(4)-Na-C(57)
C(15)-Na-C(57)
C(11)-Na-C(57)
Mo(2)-Na-C(57)
O-Na-P
N(5)-Na-P
C(16)-Na-P
N(4)-Na-P
C(15)-Na-P
C(11)-Na-P
Mo(2)-Na-P
C(57)-Na-P
C(15)-0-C4S)
C(1S)-O-Na
C(45)-O-Na
C(4S)-C(3S5)-C(2S)
C(2S)-C(15)-0
0-C(4S)-C(3S)
C(15)-C(2S)-C(3S)

106.2(2)
27.2(2)
128.0(2)
47.9(2)
120.4(3)
41.22(13)
116.5(2)
40.21(12)
140.5(2)
110.4(2)
123.7(3)
28.9(2)
105.7(2)
101.8(2)
125.6(2)
79.7(2)
62.2(2)
158.2(3)
63.01(14)
76.9(2)
64.72(14)
103.8(2)
70.8(2)
40.75(6)
62.8(2)
105.0(13)
126.9(11)
127.9(11)
113.6(16)
117.0(18)
96.9(16)
92.9(19)

Table A2.4.3. Anisotropic displacement parameters [A% x 10°] for [Na(THF)][2,-u-P].

Ul U2 OES Us Ut U
Mo(1l) 28(1) 17(1) 23(1) -1(1) 1(1) -3(1)
Mo(2) 35(1) 17(1) 23(1) 3(1) 1(1) 1(1)
P 32(1) 21(1) 25(1) 4(1) 3(1) -1(1)
N(1) 36(4) 26(3) 29(3) -13) 10(3) 1(3)
NQ@2) 434) 20(3) 20(3) 3(2) -1(3) 0(3)
N(5) 46(4) 24(3) 28(3) 5(3) 8(3) 5(3)
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C(52)
C(53)
C(24)
N(3)
C(59)
C@1)
N(6)
C(45)
C(51)
C(23)
C(11)
C(61)
C(44)
C(67)
C(28)
C(25)

- C(43)
C(35)
C(27)
C(26)
C(42)
C(12)
C(33)
C(36)
C(41)
C(15)
C(22)
C(34)
C(66)
C(351)
C(16)
C(57)
C(56)
C(58)
C(31)
C(451)
C(14)
C(54)
C(251)
C(46)
C(62)
C(32)
C(231)
C(13)
N4)
C431)

53(5)
82(7)
55(5)
33(3)
86(7)
33(4)
32(4)
135(10)
51(5)
55(5)
27(4)
42(5)
102(8)
39(5)
121(9)
37(5)
75(6)
35(5)
72(6)
40(5)
66(6)
40(5)
34(5)
37(4)
72(6)
53(6)
54(5)
48(5)
45(5)
64(6)
41(5)
58(6)
56(6)
84(7)
31(4)
223(16)
31(5)
101(9)
61(6)
122(9)
57(6)
35(5)
93(8)
34(5)
67(5)
98(7)

38(5)
52(6)
16(4)
27(3)
43(5)
15(3)
29(3)
33(5)
30(4)
277(4)
18(3)
32(4)
23(4)
28(4)
35(5)
25(4)
20(4)
34(4)
22(4)
244)
30(4)
27(4)
38(5)
31(4)
28(4)
40(5)
22(4)
20(4)
33(5)
49(5)
32(4)
33(4)
39(5)
40(5)
28(4)
30(5)
41(5)
39(5)
22(4)
27(5)
40(5)
35(4)
31(5)
41(5)
21(3)
13(4)

33(4)
39(5)
45(5)
31(3)
40(5)
30(4)
50(4)
30(5)
34(4)
40(5)
46(5)
59(6)
47(5)
95(7)
36(5)
49(5)
45(5)
42(5)
34(4)
33(4)
38(5)
56(5)
52(5)
34(4)
30(4)
55(6)
33(4)
59(5)
49(6)
57(6)
51(5)
28(4)
65(6)
59(6)
35(4)
52(6)
91(8)
66(7)
61(6)
32(5)
55(6)
34(4)
64(6)
76(7)
25(3)
46(5)

6(4)
15(4)

-13)

2(3)
-1(4)
2(3)
5(3)
-5(4)
7(4)
4(4)
6(3)
4(4)
-1(4)
-4(4)
-4(4)
1(4)
3(4)
3(4)
3(3)
7(3)
-2(4)
10(4)
-9(4)
-3(3)
1(4)
-1(4)
303)
-1(4)
5(4)
12(5)
-1(4)
8(3)
16(4)
18(4)
-2(3)
-4(5)
6(5)
30(5)
3(4)
-2(4)
7(4)
-1(4)
17(4)
15(5)
4(3)
5(3)

12(4)
26(5)
5(4)
-6(3)
-2(5)
-3(3)
8(3)
-4(6)
17(4)
4(4)
-44)
19(4)
2(5)
7(5)

- 005)

3(4)
2(5)
2(4)
18(4)
5(4)
-4(4)
7(4)
2(4)
4(4)
-94)
-12(5)
8(4)
-6(4)
6(4)
16(5)
-1(4)
15(4)
13(5)
32(5)
-6(3)
-2(3)
-14(5)
34(7)
13(5)
-17(5)
22(5)
4(4)
28(6)
8(5)
-21(3)
-7(5)

6(4)
23(6)
34
-4(3)
-11(5)
-4(3)
1(3)
-16(5)
1(4)
0(4)
6(3)
-1(4)
-305)
4(4)
-4(5)
10(3)
-9(4)
-6(4)
11(4)
-1(3)
94)
-3(4)
-11(4)
-14)
-6(4)
-7(4)
5(4)
-1(4)
4(4)
-10(5)
-11(4)
12(4)
-7(4)
16(5)
-8(3)
15(7)
-94)
12(6)
12(4)
-8(5)
10(4)
-13(4)
1(5)
-8(4)
2(3)
-7(4)
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C(63) 63(6)
C(39) 33(5)
C(29) 72(7)
C(37) 53(5)
C(38) 85(7)
C(64) 62(6)
C(18) 63(7)
C(17) 43(5)
C(55) 88(8)
C(331) 60(6)
C@47) 116(9)
C(631) 114(10)
C(49) 188(14)
C(531) 110(9)
C(65) 42(5)
C(151) 74(7)
C(19) 99(8)
C(651) 98(8)
C(131) 60(7)
C(69) 76(8)
C(68) 95(9)
C(551) 115(11)
C(48) 251(23)
Na  42(2)
0 6205
C@3S) 172(18)
C(1S) 86(12)
C(4S) 90(14)
C(2S) 168(19)
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43(5)
45(5)
43(5)
26(4)
62(6)
29(5)
36(5)
48(5)
42(6)
53(6)
45(5)
58(6)
31(5)
71(7)
36(5)
70(7)
114(9)
39(5)
82(8)
45(6)
64(7)
63(8)
143(14)
48(2)
66(5)
112(13)
90(11)
266(30)
156(19)

78(7)
95(7)
75(7)
47(5)
50(6)
102(8)
139(10)
54(6)
86(8)
84(7)
35(5)
84(8)
44(6)
62(7)
86(8)
70(7)
41(6)
93(8)
108(9)
178(14)
173(14)
168(14)
96(11)
69(2)
188(10)
136(15)
388(33)
231(26)
251(27)

-205)
12(5)
0(5)
4(4)
8(5)
-405)
-26(6)
-19(4)
31(5)
-37(5)
10(4)
-13(6)
1(4)
34(6)
3(5)
-905)
-36(6)
19(5)
27(7)

17(7) -

-8(8)
37(8)
4(10)
7(2)
-25(6)
-53(12)
88(16)
-21(25)
-19(19)

39(5)
-15(5)
36(6)
-14(4)
-27(5)
38(6)
58(7)
24(4)
32(7)
24(6)
-28(0)
50(7)
38(8)
15(6)
17(5)
-24(6)
30(6)
0(7)
20(7)
-62(9)
87(10)
18(10)
-77(13)
-6(2)
-15(6)
-41(13)
-27(15)
-34(15)
0(19)

3(5)
-6(4)
12(5)
-13(4)
-16(6)
8(4)
-70)
-17(4)
-8(5)
-18(5)
-11(6)
9(6)
15(6)
42(7)
74)
-12(6)
-68(7)
24(6)
-12(6)
-14(6)
-24(7)
-38(7)
52(15)
-12)
-16(4)
32(13)
-45(9)
-23(17)
-53(16)




A2.5 X-ray crystal structure of PMo(N[i-Pr]Ar); (2-P).

Crystals of 2-P grown from a concentrated ether solution at —35 °C were coated
with Paratone N oil (an Exxon product) on a microscope slide. A yellow block of
approximate dimensions 0.89 x 0.76 x 0.50 mm’ was selected and mounted with wax on
a glass fiber. A total of 26197 reflections (=10 A O11, ~12 Ok (010, —64 0O01 052) were
collected at 183(2) K in the Orange of 2.39 to 23.28°, of which 9645 were unique (Rjy =
0.0656). The structure was solved by direct methods (SHELXTL V5.1, G. M. Sheldrick
and Siemens Industrial Automation, Inc., 1997) in conjunction with standard difference
Fourier techniques. 2-P crystallizes in a chiral space group. This fact could be a solely
consequence of packing forces in the solid state. Since the chirality of this compound
does not present an interest, a chiral flag was not set when solving the crystal structure.
The unit cell contains two molecules. All non-hydrogen atoms were refined
anisotropically except C61 and hydrogen atoms were placed in calculated (dcu = 0.96 A)
positions. The residual peak and hole electron density were 1.120 and —1.621 e A7,
respectively. A semi-empirical absorption correction was applied based on pseudo-psi-
scans with maximum and minimum transmission equal to 0.2860 and 0.2100,
respectively. The least squares refinement converged normally with residuals of Ry =
0.0900, wR, = 0.2065 based on I > 261 and GOF = 1.325 (based on Fz). The somewhat
high values of R; and wR; could be attributed to the fact that there are two independent
molecules in the unit cell. No significant extinction coefficient was applied to the
refinement. Crystal and refinement data: formula = C33H4sN3MoP, space group P2;2,2;,
a=10.4934) A, b=10.9854) A, c =5845(2) A, a=90° B =90°, y=90°, Z=8, V=
6737(4) A%, Deaica = 1.210 g-em™, F(000) = 2592, R (based on F) = 0.0909, wR (based on
F?) =0.2070.

Table A2.5.1. Atomic coordinates [x 10*] and equivalent isotropic displacement
parameters [A2 X 103] for 2-P. U(eq) is defined as one third of the trace of the
orthogonalized Uj; tensor.

X y z U(eq)
Mo(2) 6176(1) 5297(1) 1952(1) 33(1)
P(2) 4362(3) 5972(4) 2042(1) 47(1)
C(42) 8979(10) 7393(10) 1949(2) 34(3)
C(51) 7908(10) 3931(14) 2230(2) 39(3)
C(61) 6742(11) 3566(10) 1589(2) 32(3)
C(65) 8646(11) 2425(12) 1510(2) 45(3)
C(451) 11061(13)  5293(14) 1472(2) 56(4)
C(62) 6745(12) 4066(12) 1380(2) 49(3)
C(46) 9024(10) 6004(11) 1638(2) 33(3)
C(45) 10369(12)  6023(12) 1646(2) 43(3)
C(55) 8510(12) 1841(11) 2295(2) 43(3)
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C(63)
C(52)
N(5)
C(44)
C(43)
C(67)
N(4)
C(56)
C(41)
C(54)
C(66)
C(551)
C(53)
C(64)
C(59)
C(57)
C(69)
C(651)
C(68)
C(631)
C(58)
C(48)
C(431)
C(47)
Mo(1)
C(37)
P(1)
C(32)
N(1)
C@1)
Cc(31)
N(2)
C(11)
C(12)
C(25)
C(36)
C(35)
C(22)
C(34)
C(15)
C(13)
C(23)
N(3)
C(151)
C(17)
C(14)

7713(12)
9148(10)
6966(9)
10957(11)
10307(12)
4556(11)
6938(8)
7616(10)
8361(10)
9744(11)
7691(11)
8202(15)
10049(12)
8628(12)
6694(16)
6737(12)
4016(12)
9670(14)
4780(16)
7728(16)
5599(14)
6423(27)
10974(14)
6297(16)
3727(1)
1272(15)
4453(4)
895(11)
3379(8)
5200(11)
1787(10)
5158(9)
2373(11)
1152(11)
4505(14)
2297(11)
1925(12)
5907(10)
982(12)
1612(12)
191(12)
5909(10)
2162(9)
1799(15)
3816(14)
395(13)

3740(14)
4202(11)
4915(9)
6748(11)
7437(11)
3183(13)
6652(10)
2742(11)
6708(10)
2104(12)
2739(11)
570(13)
3245(13)
2934(12)
6678(15)
5319(13)
3114(14)
1511(15)
1919(15)
4313(15)
4710(16)
8852(19)
8232(15)
7672(13)
1088(1)
2460(13)
2846(3)
~485(11)
412(8)
~989(12)
400(11)
327(9)
~506(10)
~230(11)
~2876(12)
391(11)
~496(12)
~1591(12)
~1311(12)
~2495(13)
~1094(14)
~2873(12)
1368(9)
~3755(14)
705(11)
~2186(13)

1223(2)
2151(2)
2247(2)
1807(2)
1958(2)
1746(2)
1789(2)
2303(2)
1785(2)
2216(2)
1672(2)
2377(3)
2139(2)
1290(2)
2497(3)
2483(2)
1515(2)
1578(3)
1847(3)
986(3)
2596(2)
1775(5)
2132(3)
1666(2)
580(1)
769(3)
510(1)
861(2)
280(2)
739(2)
916(2)
747(2)
272(2)
183(2)
900(2)
1133(2)
1292(2)
576(2)
1222(2)
372(2)
182(2)
569(2)
759(2)
478(3)
45(2)
277(2)

52(4)
35(3)
34(2)
31(3)
39(3)
41(3)
40(3)
29(3)
33(3)
37(3)
43(3)
69(5)
46(3)
43(3)
66(4)
42(3)
58(4)
66(5)
72(5)
66(4)
68(5)
141(11)
63(4)
60(4)
33(1)
61(4)
49(1)
37(3)
30(2)
35(3)
29(2)
36(2)
31(3)
40(3)
46(3)
37(3)
45(3)
40(3)
49(3)
44(3)
46(3)
45(3)
35(2)
61(4)
42(3)
45(3)




C(39)
C(24)
C(131)
C(251)
C@27)
C(351)
C(33)
C(19)
C(38)
C(26)
C(231)
C(18)
N(6)
C(531)
C(16)
C(331)
C(29)
C(28)
C(49)

1833(13)
5207(12)
~1096(14)
3758(18)
6285(15)
2469(17)
506(11)
3345(16)
866(15)
4508(11)
6689(14)
5272(13)
5768(8)
11394(13)
2566(12)
—487(17)
6476(22)
7422(14)
6704(29)

3441(12)
~3500(13)
~793(17)
~3611(13)
926(14)
—554(15)
~1336(10)
1897(16)
2886(13)
~1608(11)
~3556(15)
613(16)
3896(9)
3556(14)
~1601(12)
~2256(16)
495(19)
918(17)
7681(27)

918(2)
742(2)
63(3)
1080(3)
854(3)
1526(3)
1006(2)
-49(2)
547(3)
900(2)
398(3)
27(3)
1758(2)
2063(3)
374(2)
931(4)
1093(3)
699(3)
1423(4)

48(3)
48(3)
88(6)
69(4)
68(4)
69(5)
34(3)
70(5)
62(4)
35(3)
66(5)
62(4)
31(2)
63(4)
41(3)
87(6)
115(9)
87(7)
159(13)

Table A2.5.2. Bond lengths [A] and angles [°] for 2-P.

Mo(2)-N(4)
Mo(2)-N(5)
Mo(2)-N(6)
Mo(2)-P(2)
C(42)-C(41)
C(42)-C(43)
C(51)-C(56)
C(51)-C(52)
C(51)-N(5)
C(61)-C(62)
C(61)-C(66)
C(61)-N(6)
C(65)-C(64)
C(65)-C(66)
C(65)-C(651)
C(451)-C(45)
C(62)-C(63)
C(46)-C(41)
C(46)-C(45)
C(45)-C(44)

1.939(10)
1.954(9)
1.962(9)
2.109(3)

1.38(2)
1.40(2)
1.41(2)
1.41(2)
1.47Q2)
1.34(2)
1.43(2)

1.466(14)

1.40(2)
1.42(2)
1.52(2)
1.48(2)
1.42(2)
1.35(2)
1.41(2)
1.38(2)

C(55)-C(56)
C(55)-C(54)
C(55)-C(551)
C(63)-C(64)
C(63)-C(631)
C(52)-C(53)
N(5)-C(57)
C(44)-C(43)
C(43)-C(431)
C(67)-C(69)
C(67)-N(6)
C(67)-C(68)
N(4)-C(47)
N(4)-C(41)
C(54)-C(53)
C(53)-C(531)
C(59)-C(57)
C(57)-C(58)
C(48)-C(47)
C(47)-C(49)

1.36(2)
1.412)
1.51(2)
1.36(2)
1.522)
1.42(2)
1.469(15)
1.35Q2)
1.512)
1.46(2)
1.495(15)
1.53(2)
1.49(2)
1.495(13)
1.37Q2)
1.522)
1.502)
1.522)
1.45(2)
1.48(3)
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Mo(1)-N(1)
Mo(1)-N(3)
Mo(1)-N(2)
Mo(1)-P(1)
C(37)-C(38)
C(37)-C(39)
C(37)-N(3)
C(32)-C(33)
C(32)-C(31)
N(1)-C(11)
N(1)-C(17)
C(21)-C(26)
C(21)-C(22)
C(21)-N(2)
C(31)-C(36)
C(31)-N(3)
N(2)-C(27)
C(11)-C(16)
C(11)-C(12)
C(12)-C(13)
C(25)-C(24)
C(25)-C(26)
C(25)-C(251)
C(36)-C(35)
C(35)-C(34)
C(35)-C(351)
C(22)-C(23)
C(34)-C(33)
C(15)-C(16)
C(15)-C(14)
C(15)-C(151)
C(13)-C(14)
C(13)-C(131)
C(23)-C(24)
C(23)-C(231)
C(17)-C(19)
C(17)-C(18)
C(27)-C(29)
C(27)-C(28)
C(33)-C(331)
N(4)-Mo(2)-N(5)
N(4)-Mo(2)-N(6)
N(5)-Mo(2)-N(6)
N(4)-Mo(2)-P(2)
N(5)-Mo(2)-P(2)
N(6)-Mo(2)-P(2)
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1.935(9)
1.971(10)
1.978(10)
2.116(3)
1.44(2)
1.50(2)
1.522)
1.33(2)
1.39(2)
1.461(14)
1.483(14)
1.37(2)
1.38(2)
1.45(2)
1.38(2)
1.460(15)
1.49(2)
1.36(2)
1.42(2)
1.38(2)
1.37(2)
1.39(2)
1.54(2)
1.40(2)
1.40(2)
1.48(2)
1.41(2)
1.36(2)
1.40(2)
1.43(2)
1.53(2)
1.34(2)
1.54(2)
1.43(2)
1.50(2)
1.50(2)
1.53(2)
1.49(2)
1.50(2)
1.52(2)
115.0(4)
114.0(5)
115.7(4)
102.9(3)
103.9(3)
102.8(3)

C(41)-C(42)-C(43)
C(56)-C(51)-C(52)
C(56)-C(51)-N(5)
C(52)-C(51)-N(5)
C(62)-C(61)-C(66)
C(62)-C(61)-N(6)
C(66)-C(61)-N(6)
C(64)-C(65)-C(66)
C(64)-C(65)-C(651)
C(66)-C(65)-C(651)
C(61)-C(62)-C(63)
C(41)-C(46)-C(45)
C(44)-C(45)-C(46)
C(44)-C(45)-C(451)
C(46)-C(45)-C(451)
C(56)-C(55)-C(54)
C(56)-C(55)-C(551)
C(54)-C(55)-C(551)
C(64)-C(63)-C(62)
C(64)-C(63)-C(631)
C(62)-C(63)-C(631)
C(51)-C(52)-C(53)
C(51)-N(5)-C(57)
C(51)-N(5)-Mo(2)
C(57)-N(5)-Mo(2)
C(43)-C(44)-C(45)
C(44)-C(43)-C(42)
C(44)-C(43)-C(431)
C(42)-C(43)-C(431)
C(69)-C(67)-N(6)
C(69)-C(67)-C(68)
N(6)-C(67)-C(68)
C(47)-N(4)-C(41)
C(47)-N(4)-Mo(2)
C(41)-N(4)-Mo(2)
C(55)-C(56)-C(51)
C(46)-C(41)-C(42)
C(46)-C(41)-N(4)
C(42)-C(41)-N(4)
C(53)-C(54)-C(55)
C(65)-C(66)-C(61)
C(54)-C(53)-C(52)
C(54)-C(53)-C(531)
C(52)-C(53)-C(531)
C(63)-C(64)-C(65)
N(5)-C(57)-C(59)

121.0(11)
19.7(11)
121.1(9)
119.2(11)
124.7(12)
120.9(11)
114.4(10)
120.3(12)
121.0(12)
118.7(13)
119.3(13)
119.0(11)
118.6(12)
124.0(12)
117.3(12)
119.6(11)
120.9(11)
119.5(12)
118.8(14)
121.6(12)
119.6(13)
118.4(12)
113.2(10)
112.7(7)
133.8(8)
123.0(11)
117.4(11)
122.0(12)
120.6(12)
113.5(10)
111.6(12)
109.1(11)
114.3(11)
128.9(9)
116.8(7)
120.9(10)
120.8(10)
120.2(10)
118.6(11)
120.8(12)
114.6(13)
120.4(12)
121.2(12)
118.0(12)
122.3(11)
111.1(11)




N(5)-C(57)-C(58) 113.8(11) C(31)-C(36)-C(35) 120.6(11)

C(59)-C(57)-C(58) 113.0(13) C(34)-C(35)-C(36) 116.5(12)
C(48)-C(47)-C(49) 112.8(20) C(34)-C(35)-C(351) 121.1(14)
C(48)-C(47)-N4) 114.7(14) C(36)-C(35)-C(351) 122.4(13)
C(49)-C(47)-N4) 109.7(15) C(21)-C(22)-C(23) 120.0(12)
N(1)-Mo(1)-N(3) 112.5(4) C(33)-C(34)-C(35) 123.2(13)
N(1)-Mo(1)-N(2) 115.4(4) C(16)-C(15)-C(14) 118.3(12)
N(3)-Mo(1)-N(2) 115.8(4) C(16)-C(15)-C(151) 122.5(12)
N(1)-Mo(1)-P(1) 104.1(3) C(14)-C(15)-C(151) 119.0(12)
N(3)-Mo(1)-P(1) 105.1(3) C(14)-C(13)-C(12) 119.7(11)
N(2)-Mo(1)-P(1) 102.0(3) C(14)-C(13)-C(131) 120.7(13)
C(38)-C(37)-C(39) 113.8(12) C(12)-C(13)-C(131) 119.6(13)
C(38)-C(37)-N(3) 113.6(12) C(22)-C(23)-C(24) 117.5(11)
C(39)-C(37)-N(3) 110.3(12) C(22)-C(23)-C(231) 121.3(13)
C(33)-C(32)-C(31) 123.7(11) C(24)-C(23)-C(231) 121.0(12)
C(11)-N(D)-C(17) 110.0(9) C(31)-N(3)-C(37) 112.5(10)
C(11)-N(1)-Mo(1) 115.5(7) C(31)-N(3)-Mo(1) 116.4(7)

C(17)-N(1)-Mo(1) 134.1(8) C(37)-N(3)-Mo(1) 131.009)

C(26)-C(21)-C(22) 121.5(12) N(1)-C(17)-C(19) 115.3(11)
C(26)-C(21)-N(2) 117.1(11) N(1)-C(17)-C(18) 111.0(11)
C(22)-C(21)-N(2) 121.3(11) C(19)-C(17)-C(18) 111.0(12)
C(36)-C(31)-C(32) 118.0(11) C(13)-C(14)-C(15) 121.0(12)
C(36)-C(31)-N(3) 118.7(10) C(25)-C(24)-C(23) 121.1(12)
C(32)-C(31)-N(3) 123.2(10) C(29)-C(27)-N(2) 111.0(13)
C(21)-N(2)-C(27) 115.5(11) C(29)-C(27)-C(28) 117.2(16)
C(21)-N(2)-Mo(1) 115.4(7) N(2)-C(27)-C(28) 112.2(13)
C(27)-N(2)-Mo(1) 128.6(9) C(32)-C(33)-C(34) 117.8(11)
C(16)-C(11)-C(12) 119.1(11) C(32)-C(33)-C(331) 119.7(13)
C(16)-C(11)-N(1) 119.3(10) C(34)-C(33)-C(331) 122.5(13)
C(12)-C(11)-N(1) 121.2(10) C(21)-C(26)-C(25) 119.8(12)
C(13)-C(12)-C(11) 120.9(11) C(61)-N(6)-C(67) 115.6(9)

C(24)-C(25)-C(26) 120.0(12) C(61)-N(6)-Mo(2) 115.6(7)

C(24)-C(25)-C(251) 118.3(12) C(67)-N(6)-Mo(2) 128.6(7)

C(26)-C(25)-C(251) 121.7(12) C(11)-C(16)-C(15) 120.6(12)

Table A2.5.3. Anisotropic displacement parameters [A% x 10°] for 2-P.

Ul U2 U» U2 U U2
Mo(2) 18(1) 41(1) 39(1) -8(1) ~1(1) 6(1)
P(2) 23(1) 59(2) 58(2) -16(2) -2(1) 10(2)
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C42) 23(6) 41(6) 38(6) 3(5) 6(5) 7(5)

Cc51)  17(5) 58(8) 43(7) 23(7) 3(5) 7(6)
C(65) 19(6) 47(7) 63(9) ~16(6) ~13(6) 4(6)
C@51) 41(7) 70(9) 58(8) ~12(8) 20(7) 0(8)
C(62) 43(7) 36(7) 66(9) 0(7) 2(6) ~11(6)
C@46)  23(6) 38(6) 37(6) ~17(6) ~7(5) 3(5)
C@45) 42(7) 31(7) 57(8) 6(7) 10(6) ~2(6)
C(55) 41(8) 30(6) 58(8) ~1(6) 10(6) ~3(6)
C(63)  34(7) 58(9) 64(9) ~25(8) 12(6) ~1(7)
C(52) 34(7) 32(7) 39(7) 15(5) ~19(5) 6(5)
NG)  32(5) 32(6) 39(6) ~1(5) 04) 1(4)
C@4)  30(6) 37(6) 27(6) ~2(5) 3(5) 2(6)
C@3)  50(7) 30(6) 37(7) ~9(6) 3(6) ~6(6)
C(67) 21(6) 63(9) 40(7) —22(7) 8(5) ~13(6)
N@)  16(5) 45(6) 60(7) 22(5) 1(5) 9(5)
C(56)  16(5) 45(7) 26(6) 13(5) 8(4) -8(5)
C@l) 1705 26(6) 54(7) ~9(6) ~9(5) ~6(5)
C(54)  31(6) 45(8) 35(7) 9(6) ~8(5) 8(6)
C(66)  22(6) 39(7) 67(9) ~38(7) 0(6) 5(5)
C(551) 64(10) 45(9) 99(13) 16(9) 22(9) 1(8)
C(53)  33(7) 49(8) 57(9) 16(7) 0(6) 15(6)
C64) 31(7) 62(8) 37(7) —28(6) 13(6) ~1(7)
C(59)  69(11) 68(10) 61(10) ~16(8) 1(8) 3(9)
C(57)  50(7) 49(8) 27(6) 0(6) ~3(5) —8(7)
C(69)  34(8) 71(10) 68(9) 17(8) ~25(7) ~21(7)
C(651) 60(9) 83(12) 54(9) —24(8) 3(7) 37(9)
C(68)  67(10) 64(11) 86(12) 40(9) -25(9) —40(9)
C(631) 75(10) 70(11) 54(9) —9(8) 20(8) ~7(9)
C(58)  75(10) 84(11) 44(8) ~18(8) 43(8) ~15(10)
C@48) 165(24)  64(12) 195(26) —31(15) ~84(22) 37(17)
C31) 43(9) 70(10) 76(10) ~7(8) —24(8) ~3(8)
C@AT)  56(9) 64(9) 59(9) 3(7) —24(8) 15(9)
Mo(1)  34(1) 27(1) 37(1) -2(1) 1(1) ~5(1)
C37)  38(7) 50(8) 97(11) ~13(8) 2(9) 9(8)
P(1)  5202) 29(2) 63(3) 5(2) 12) ~11(2)
N(1) 3105 22(5) 38(5) 3(4) 10(4) 4(4)
c@l)  33(6) 43(7) 29(6) —1(6) ~13(5) —9(6)
C3l)  27(5) 36(6) 24(6) ~8(5) ~1(4) 11(5)
N2)  39(5) 17(5) 51(6) 1(5) —4(5) ~11(4)
C(11)  37(6) 27(6) 30(6) ~6(5) —4(5) —4(5)
C(12)  30(6) 40(6) 49(7) —4(6) ~3(6) 9(7)
C25)  66(9) 39(7) 32(7) 8(6) 8(7) ~8(7)
C(36) 32(6) 20(6) 60(8) ~12(6) 0(6) —4(5)
C35)  42(7) 41(8) 50(8) ~8(6) 10(6) 26(6)
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C(22) 30(7) 52(7) 38(6) —-11(6) 0(5) 2(5)

C(34) 40(8) 40(7) 67(9) =7(6) 15(7) 4(6)
C(15) 44(8) 62(9) 25(6) 6(6) -6(5) -11(7)
C(13) 38(7) 52(8) 48(8) -9(7) —-16(6) 4(7)
C23) 27(7) 51(8) 56(8) =29(7) -9(6) 11(5)
N(3) 32(5) 29(5) 43(6) =2(5) =2(5) ' -5(4)
C(151) 66(9) 54(9) 63(9) 22(8) 7(7) =20(8)
C(17) 49(7) 41(7) 37(6) 0(5) 7(7) —-10(7)
C(14) 42(8) 47(8) 46(8) 6(7) 0(6) —22(6)
C@39) 58(8) 49(8) 38(7) 10(6) —4(6) 8(7)
C(24) 45(8) 45(8) 53(8) =12(7) -6(7) 6(6)
C(131) 31(8) 96(14) 139(17) 0(12) -36(10) -23(9)
C(251) 73(10) 52(9) 82(11) 7(8) 19(10) -2(9)
C(27) 5309 58(9) 95(11) -19(8) -12(9) -40(9)
C(351) 94(12) 58(10) 56(9) 15(8) =7(9) 9(9)
C(33) 45(7) 25(6) 31(6) —4(5) 14(6) —-18(5)
C(19) 76(12) 94(13) 40(8) 30(8) 15(7) 17(10)
C@38) 77(11) 46(8) 63(9) -1(7) —-23(8) 25(7)
C(26)  39(7) 45(7) 22(6) =3(5) =7(5) —4(6)
C(231) 5409) 68(11) 77(11) -24(9) 13(8) 20(8)
C(18) 46(8) 85(12) 55(9) 13(8) =3(7) -1(8)
N(6) 25(5) 36(5) 33(5) —-10(5) 84) 5(4)
C(531) 33(7) 75(10) 80(10) 27(8) 29(7) 11(7)
C(16)  34(7) 54(8) 34(7) 6(6) —-8(5) -9(6)
C(331) 76(12) 64(11) 123(17) -26(11) 13(12) —24(10)
C(29) 134(19) 103(16) 107(15) 26(13) =73(15) —67(15)
C(28) 43(9) 79(12) 140(17) 49(13) —25(10) -30(9)
C49) 215(34) 165(26) 97(18) 71(18) =37(19) 58(25)
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A2.6 X-ray Crystal Structure of [PMo(N[i-Pr]Ar)(0-2,6-C¢H3z;Me,).]» ((6-P)2).

Crystals grown from a concentrated diethyl ether solution at —35 °C were coated
with Paratone N oil (Exxon) on a microscope slide. A green-brown needle of
approximate dimensions 0.16 x 0.07 x 0.05 mm® was selected and mounted with wax on
a glass fiber. A total of 22054 reflections (-20 Oh 016, -18 Uk 017, -16 01 020) were
collected at 183(2) K in the @ range of 1.98 to 23.28 °, of which 4095 were unique (Rin: =
0.0665). The radiation used was Mo-Ka (A =0.71073 A, u = 0.465 mm'l). The structure
was solved by direct methods (SHELXTL V5.0, G. M. Sheldrick and Siemens Industrial
Automation, Inc., 1995) in conjunction with standard difference Fourier techniques. All
non-hydrogen atoms were refined anisotropically and the hydrogen atoms were placed in
calculated (dcy = 0.96 A) positions. The residual peak and hole electron density were
0.676 and -0.517 e:A”, respectively. The least squares refinement converged normally
with residuals of Ry = 0.0400, wR;, = 0.0895 based upon I > 201, and GOF = 1.046 (based
on F%). No significant extinction coefficient was applied to the refinement (0.00006(6)).
Crystal and refinement data: Formula = CsoH;5M0,N;04P5; space group, Pcen; a =
18.7073(8) A; b = 16.8765(7) A; ¢ = 18.0139(7) A; 0 =90°% B =90°%7y=90° V =
5687.2(4) A3 Z=4; D = 1.320 g'cm'3; F(000) = 2356; R; (based on F) = 0.0536; wR,
(based on F*) = 0.0955.

Table A2.6.1. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A2 X 103) for (6-P),. U(eq) is defined as one third of the trace of the
orthogonalized U tensor.

X y z Uleq)
C(2S) 7032(8) 2163(9) 1704(8) 216(7)
C(1S) 6475(6) 1760(6) 1294(6) 148(4)
C(3S) 7500 2500 1351(8) 123(5)
Mo 2721(1) 1738(1) 632(1) 21(1)
P 3014(1) 2741(1) -340(1) 30(1)
0®3) 3166(1) 2570(2) 1277(1) 23(1)
C@31) 3721(2) 2561(2) 1783(2) 24(1)
C(26) 1592(2) -168(3) 22(3) 34(1)
0(2) 2132(2) 819(2) 812(2) 28(1)
N(1) 3531(2) 1158(2) 235(2) 27(1)
C(12) 3377(2) -245(3) 581(3) 33(1)
C@l) 1752(2) 142(2) 724(3) 29(1)
C(22) 1542(2) —255(3) 1378(3) 34(1)
C(24) 975(3) —1255(3) 622(3) 54(2)

- C(34) 4821(3) 2573(3) 2808(3) 40(1)
C(35) 4200(3) 2171(3) 2959(3) 33(1)
C(36) 3636(2) 2148(2) 2455(2) 26(1)
C(13) 3452(2) —862(3) 1085(3) 35(1)
C(15) 4180(2) -12(3) 1865(2) 33(1)
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c@n 3679(2) 493(2) 719(2) 28(1)

C(23) 1152(3) -945(3) 1311(3) 49(1)

C(16) 4090(2) 599(3) 1358(3) 31(1)

C@32) 4350(2) 2959(3) 1613(3) 30(1)

C(14) 3853(3) -730(3) 1721(3) 38(1)

C(25) 1201(3) -870(3) -5(3) 49(1)

C(33) 4898(3) 2947(3) 2132(3) 40(1)

C(151) 4622(4) 135(4) 2559(4) 59(2)

C(@361) 2994(3) 1646(3) 2615(3) 33(1)

C(@321) 4463(3) 3362(4) 878(3) 43(1)

Cc@17) 4038(3) 1243(3) -401(3) 36(1)

CQ261) 1809(4) 229(4) -688(3) 50(2)

C(221) 1744(4) 80(4) 2113(3) 47(1)

C(131) 3094(4) —1648(4) 965(5) 63(2)

C(19) 3962(4) 578(6) -957(4) 71(2)

C(18) 4841(5) 1307(9) -117(8) 85(4)

Table A2.6.2. Bond lengths [A] and angles [°] for (6-P),.

C(25)-C(3S) 1.222(14) C(22)-C(23) 1.381(7)
C(2S)-C(1S) 1.448(15) C(22)-C(221) 1.488(7)
C(3S)-C(2S)#1 1.222(14) C(24)-C(25) 1.370(8)
Mo-0O(2) 1.930(3) C(24)-C(23) 1.387(8)
Mo-N(1) 1.940(3) C(34)-C(35 1.372(7)
‘Mo-0Q3) 2.005(3) C(34)-C(33) 1.379(7)
Mo-O(3)#2 2.339(3) C(35)-C(36) 1.391(6)
Mo-P#2 2.3926(12) C(36)-C(361) 1.497(6)
Mo-P 2.4951(12) C(13)-C(14) 1.387(7)
Mo-Mo#2 2.7021(7) C(13)-C(131) 1.502(8)
P-P#2 2.086(2) C(15)-C(14) 1.382(7)
P-Mo#2 2.3926(12) C(15)-C(16) 1.388(7)
0(3)-C(31) 1.380(5) C(15)-C(151) 1.519(8)
O(3)-Mo#2 2.339(3) C(11)-C(16) 1.396(6)
C(31)-C(32) 1.389(6) C(32)-C(33) 1.387(6)
C(31)-C(36) 1.407(6) C(32)-C(321) 1.504(7)
C(26)-C(25) 1.393(7) C(7)-C(19) 1.512(8)
C(26)-C(21) 1.400(6) C(17)-C(18) 1.590(11)
C(26)-C(261) 1.501(7)

0(2)-C(21) 1.355(5) C(3S)-C(2S)-C(1S) 117.9(14)
N(1)-C(11) 1.449(5) C(2S)#1-C(3S)-C(2S) 117(2)
N(1)-C(17) 1.494(5) 0O(2)-Mo-N(1) 95.89(13)
C(12)-C(13) 1.389(7) 0(2)-Mo-0(3) 134.63(11)
C(12)-C(11) 1.390(6) N(1)-Mo-O(3) 104.04(13)
C(21)-C(22) 1.412(6) 0(2)-Mo-O(3)#2 84.97(11)
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N(1)-Mo-O(3)#2
0O(3)-Mo-O(3)#2
O(2)-Mo-P#2
N(1)-Mo-P#2
0O(3)-Mo-P#2
O(3)#2-Mo-P#2
0(2)-Mo-P
N(1)-Mo-P
O(3)-Mo-P
O(3)#2-Mo-P
P#2-Mo-P
O(2)-Mo-Mo#2
N(1)-Mo-Mo#2
O(3)-Mo-Mo#2
O(3)#2-Mo-Mo#2
P#2-Mo-Mo#?2
P-Mo-Mo#2
P#2-P-Mo#2
P#2-P-Mo
Mo#2-P-Mo
C(31)-0(3)-Mo
C(31)-0O(3)-Mo#2
Mo-0O(3)-Mo#2
0O(3)-C(31)-C(32)
0(3)-C(31)-C(306)
C(32)-C(31)-C(36)
C(25)-C(26)-C(21)
C(25)-C(26)-C(261)
C(21)-C(26)-C(261)
C(21)-0(2)-Mo
C(11D)-N(1)-C(17)
C(11)-N(1)-Mo
C(17)-N(1)-Mo

171.58(12)
69.94(13)
95.21(9)
111.37(11)
113.90(8)
76.83(7)
142.05(9)
84.96(10)
80.81(8)
99.53(7)
50.49(6)
126.18(9)
135.98(10)
57.33(8)
46.17(6)
58.27(3)
54.65(3)
67.30(4)
62.21(4)
67.08(3)
133.4(2)
150.1(2)
76.50(9)
119.1(4)
119.3(4)
121.6(4)
117.6(5)
119.4(5)
123.0(4)
163.2(3)
114.5(3)
108.6(3)
136.9(3)

C(13)-C(12)-C(11)
0(2)-C(21)-C(26)
0(2)-C(21)-C(22)
C(26)-C(21)-C(22)
C(23)-C(22)-C(21)
C(23)-C(22)-C(221)
C(21)-C(22)-C(221)
C(25)-C(24)-C(23)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(35)-C(36)-C(31)
C(35)-C(36)-C(361)
C(31)-C(36)-C(361)
C(14)-C(13)-C(12)
C(14)-C(13)-C(131)
C(12)-C(13)-C(131)
C(14)-C(15)-C(16)
C(14)-C(15)-C(151)
C(16)-C(15)-C(151)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)-C(11)-N(1)
C(22)-C(23)-C(24)
C(15)-C(16)-C(11)
C(33)-C(32)-C(31)
C(33)-C(32)-C(321)
C(31)-C(32)-C(321)
C(15)-C(14)-C(13)
C(24)-C(25)-C(26)
C(34)-C(33)-C(32)
N(1)-C(17)-C(19)
N(1)-C(17)-C(18)
C(19)-C(17)-C(18)

Symmetry transformations used to generate equivalent atoms:

#1—x+3/2,-y+1/2,z
#2-x+1/2,-y+1/2,z
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120.9(5)
122.3(4)
116.5(4)
121.1(4)
118.3(5)
122.2(5)
119.5(4)
119.1(5)
119.4(5)
121.7(5)
117.5(4)
119.9(4)
122.4(4)
118.3(4)
120.1(5)
121.5(5)
118.3(4)
122.6(5)
119.0(5)
119.2(4)
120.6(4)
120.1(4)
121.5(5)
120.9(5)
118.1(4)
119.7(4)
122.1(4)
122.4(5)
122.4(5)
121.6(5)
112.1(5)
111.1(6)
110.6(7)




Table A2.6.3. Anisotropic displacement parameters (Az x 10% for (6-P),. The
anisotropic displacement factor exponent takes the form: —2m2[h? a**U" + .. +2hka*
b* U]

[J] 1 U22 U33 U23 U13 U12
Mo 21(1) 22(1) 19(1) 1(1) o(1) (1)
P 36(1) 30(1) 23(1) 5(1) 9(1) 7(1)
0(3) 21(2) 24(2) 23(2) 3(1) 2(1) (1)
C(@31) 20(2) 25(2) 28(2) 7(2) -6(2) 42)
C(26) 33(3) 31(3) 38(3) 3(2) -6(2) 4(2)
0(2) 30(2) 26(2) 27(2) 1(1) 3(1) -5(1)
N(1) 27(2) 25(2) 28(2) 3(2) 12) 5(2)
C(12) 31(3) 31(3) 38(3) 1(2) -5(2) 6(2)
Cc@l) 22(2) 24(2) 42(3) 12) -1(2) -3(2)
C(22) 32(3) 31(3) 39(3) 2(2) 52) -5(2)
C(24) 56(4) 39(3) 68(4) 1(3) 6(3) 22(3)
C(34) 35(3) 43(3) 43(3) -13(3) 21(3) 5(2)
C(35) 37(3) 37(3) 26(3) -3(2) _4(2) 6(2)
C(36) 26(2) 25(2) 26(2) 7(2) 2(2) 42)
C(13) 28(3) 28(3) 50(3) 3(2) 2(2) 7(2)
C(15) 31(3) 37(3) 32(3) 12) 2(2) 14(2)
C(11) 25(2) 25(2) 33(3) 12) 52) 8(2)
C(23) 53(3) 40(3) 54(4) 14(3) 5(3) “12(3)
C(16) 27(3) 29(3) 38(3) -8(2) 1(2) 5(2)
C(32) 23(2) 28(2) 38(3) 4(2) -1(2) 2(2)
C(14) 40(3) 34(3) 39(3) 1303) 42) 15(2)
C(25) 57(4) 42(3) 49(4) 6(3) -193) “15(3)
C(33) 25(3) 38(3) 55(4) 7(3) -5(3) -5(2)
C(151)  66(5) 60(4) 51(4) -8(3) 22(3) 38(4)
C@361)  37(3) 38(3) 25(3) 7(2) -3(2) 1(2)
C(321)  28(3) 48(4) 53(4) 9(3) 5(3) -8(3)
C(17) 35(3) 38(3) 36(3) 9(2) 10(2) 13(2)
CQ261)  66(4) 50(4) 34(3) 2(3) -12(3) -11(3)
C@221)  634) 40(4) 37(3) 8(3) 8(3) “15(3)
C(131)  52(4) 29(3) 107(6)  3(3) -18(4) 13)
C(19) 68(5) 1016)  43(4) -19(4) 20(4) -10(4)
C(18) 30(6) 133(10)  93(8) _1(6) 15(6) -9(6)
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A2.7 X-ray Crystal Structure of PMo(OMeCly); (4-P).

Crystals grown from a concentrated pentane solution at —35 °C were coated with
- Paratone N oil (Exxon) on a microscope slide. A yellow block was selected and mounted
with wax on a glass fiber. A total of 8573 reflections (=11 Oh 012, -12 Ok 05, =76 01
[J76) were collected at 293(2) K in the O range of 2.47 to 23.27 °, of which 1127 were
unique (Rip; = 0.0879). The radiation used was Mo-Ko. (A = 0.71073 A, u = 0.465 mm'l).
The structure was solved by direct methods (SHELXTL V5.0, G. M. Sheldrick and
Siemens Industrial Automation, Inc., 1995) in conjunction with standard difference
Fourier techniques. All non-hydrogen atoms were refined anisotropically. All non-
methyl hydrogen atoms were found in the difference map and refined isotropically. All
methyl hydrogen atoms were placed in calculated (dcy = 0.96 A) positions. The residual
peak and hole electron density were 0.646 and —0.744 e-A™, respectively. The least
squares refinement converged normally with residuals of R; = 0.0357, wR, = 0.0958
based upon I > 201, and GOF = 1.092 (based on F?). Crystal and refinement data:
Formula = C;;H30MoOsP; space group, R-3c; a = 10.8130(4) A; b =10.8130(4) A; c=
69.271(3) A; 00.=90° B =90° y=120° V="7014.2(5) A*; Z=12; Dec = 1.325 grem >;
F(000) = 2952; R, (based on F) = 0.0394; wR; (based on F;) = 0.0986.

Table A2.7.1. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A? X 10%) for 4-P. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

X y z Uleq)
Mo(1) 3333 6667 471(1) 26(1)
P(1) 3333 6667 776(1) 44(1)
o(1) 4495(2) 8536(2) 389(1) 29(1)
cay 5536(3) 9949(3) 460(1) 32(1)
C(12) 6027(4) 10905(4) 283(1) 39(1)
C(13) 6798(4) 10494(4) 137(1) 43(1)
C(14) 8045(4) 10440(4) 229(1) 48(1)
C(15) 7557(4) 9448(4) 401(1) 42(1)
C(16) 6779(3) 9855(4) 548(1) 36(1)
C(17) 4824(4) 10427(4) 606(1) 47(1)

Table A2.7.2. Bond lengths [A] and angles [°] for 4-P.

Mo(1)-O(1)#1 1.857(2) can-camn 1.514(4)
Mo(1)-0(1) 1.857(2) C(11)-C(12) 1.517(4)
Mo(1)-O(1)#2 1.857(2) C(11)-C(16) 1.525(4)
Mo(1)-P(1) 2.1144(16) C(12)-C(13) 1.511(5)
O(1)-C(11) 1.456(3) C(13)~-C(14) 1.520(5)
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C(14)-C(15) 1.510(5) O(1)-C(11)-C(12) 105.5(2)

C(15)-C(16) 1.517(4) C(17)—C(11)~C(12) 111.9(3)
O(1)#1-Mo(1)-O(1) 111.10(5) O(1)-C(11)-C(16) 108.0(2)
O(D#1-Mo(1)-O(1)#2  111.10(5) C(17)—C(11)-C(16) 111.7(3)
O(1)-Mo(1)-O(1)#2 111.10(5) C(12)-C(11)—C(16) 110.4(3)
O(1)y#1-Mo(1)-P(1) 107.79(6) C(13)-C(12)-C(11) 113.3(3)
O(1)-Mo(1)~P(1) 107.79(6) C(12)-C(13)—C(14) 111.2(3)
O(1)#2-Mo(1)-P(1) 107.79(6) C(15)-C(14)—C(13) 110.9(3)
C(11)-0(1)-Mo(1) 141.92(16) C(14)-C(15)-C(16) 111.6(3)
O(1)-C(11)-C(17) 108.92) C(15)-C(16)—C(11) 112.7(3)

Symmetry transformations used to generate equivalent atoms:
#l —y+1,x-y+1,z
#2 —Xx+y,—x+1,z

Table A2.7.3. Anisotropic displacement parameters (A% x 10”) for 4-P. The anisotropic
displacement factor exponent takes the form: 2n’[h? a**UM + . + 2 hka* b* U'

[I“ U22 U33' U23 U13 U12
Mo(1) 25(1) 25(1) 30(1) 0 0 12(1)
P(1) 49(1) 49(1) 33(1) 0 0 25(1)
o) 26(1) 25(1) 35(1) ~1(1) -3(1) 11(1)
C(11) 27(2) 24(2) 41(2) —9(1) -6(1) 11(1)
C(12) 35(2) 23(2) 53(2) —3(2) ~142)  102)
C(13) 42(2) 33(2) 38(2) 2(2) -2(2) 6(2)
C(14) 34(2) 48(2) 51(2) -7(2) 6(2) 13(2)
C(15) 30(2) 45(2) 54(2) ~6(2) ~7(2) 21(2)
C(16) 36(2) 33(2) 36(2) -6(2) ~10(1)  15(2)
C(17) 44(2) 37(2) 60(2) ~142)  2(2) 21(2)
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A2.8 X-ray Crystal Structure of (n3-P3)M0(OCy)3(HN[i-Pr]Ar) (7-P3-HN[i-Pr]Ar).

Crystals grown from a concentrated diethyl ether solution at 35 °C were coated
with Paratone N oil (Exxon) on a microscope slide. A yellow prism of approximate
dimensions 0.24 x 0.24 x 0.16 mm”’ was selected and mounted with wax on a glass fiber.
A total of 13129 reflections (=12 Uh 112, =16 0Ok (0114, -22 017 020) were collected at
183(2) K in the @ range of 2.28 to 23.28 °, of which 4798 were unique (Riy = 0.0364).
The radiation used was Mo-Ko. (A = 0.71073 A, u = 0.465 mm™). The structure was
solved by direct methods (SHELXTL V5.0, G. M. Sheldrick and Siemens Industrial
Automation, Inc., 1995) in conjunction with standard difference Fourier techniques. All
non-hydrogen atoms were refined anisotropically and the hydrogen atoms were placed in
calculated (dcy = 0.96 A) positions. The residual peak and hole electron density were
0.449 and —0.583 e'A™, respectively. A semi-empirical absorption correction was
applied based on pseudo-psi-scans with maximum and minimum transmission equal to
0.3025 and 0.2334, respectively. The least squares refinement converged normally with
residuals of R; = 0.0555, wR; = 0.1022 based upon [ > 201, and GOF = 1.344 (based on
F?). No significant extinction coefficient was applied to the refinement. Crystal and
refinement data: Formula = CsgHogsM0,N2OgPg; space group, P2;/n; a = 11.087(2) 10\; b=
15.273(3) A; ¢ = 19.948(4) A; 0= 902, B = 97.973(3) % y =90 %, V = 3345.5(11) A%, Z =
2; Deac = 1.288 grem™; F(000) = 1364; R; (based on F) = 0.0604; wR, (based on F?) =
0.1037.

Table A2.8.1. Atomic coordinates (x 10" and equivalent isotropic displacement
parameters (A2 X 103_) for 7-P5-HN[i-Pr]Ar. U(eq) is defined as one third of the trace of
the orthogonalized U tensor.

X y z U(eq)
Mo 2068(1) 6579(1) 2291(1) 29(1)
P(3) 2377(1) 7231(1) 3454(1) 42(1)
P(2) 2260(1) 8143(1) 2634(1) 42(1)
P(1) 653(1) 7496(1) 2868(1) 43(1)
0(3) 3782(3) 6524(2) 2358(2) 36(1)
0(2) 1471(3) 5565(2) 2688(2) 35(1)
0o(1) 1188(3) 6958(2) 1455(2) 35(1)
N(4) 2371(3) 5401(2) 1486(2) 30(1)
C@31) 4835(4) 6876(4) 2756(2) 43(1)
C(47) 1312(4) 5157(3) 964(2) 34(1)
C(41) 3492(4) 5527(3) 1200(2) 32(1)
C(49) 1622(5) 4417(3) 506(2) 46(1)
C(11) 388(5) 7652(3) 1220(3) 48(1)
C(46) 4522(4) 5046(3) 1450(3) 40(1)
Cc(21) 979(5) 5346(3) 3287(2) 42(1)
C(42) 3548(5) 6137(3) 694(2) 39(1)
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C(43)
C(48)
C(22)
C(26)
C(45)
C(32)
C(44)
C(34)
C(35)
C(451)
C(25)
C(23)
C(16)
C(36)
C(33)
C(15)
C(24)
C(431)
C(14)
C(13)
C(12)

4626(5)
217(4)

~164(6)
1901(6)
5612(5)
5712(5)
5644(5)
7443(5)
6551(5)
6742(5)
1363(7)

—698(7)

734(8)
5406(5)
6862(5)
-143(12)
206(8)
4693(7)
-1474(12)
=1772(8)
-913(5)

6270(4)
4904(4)
4803(5)
4861(4)
5187(4)
7206(4)
5790(4)
6892(6)
6542(6)
4685(5)
4591(4)
4550(6)
7998(4)
6179(5)
7564(5)
8752(6)
4068(4)
6919(4)
8457(8)
8094(7)
7343(5)

431(3) 49(1)
1300(3) 47(1)
3096(3) 69(2)
3766(3) 59(2)
12003) 53(2)
2305(3) 43(1)
694(3) 59(2)
3206(3) 83(2)
3659(3) 94(3)
1492(4) 87(2)
4405(3) 75(2)
3734(4) 93(3)
563(3) 88(2)
3235(3) 66(2)
2723(3) 712)
303(4) 146(5)
4222(3) 87(3)
~137(3) 75(2)
265(5) 175(7)
901(5) 134(4)
1144(4) 81(2)

Table A2.8.2. Bond lengths [A] and angles [°] for 7-P3-HN[i-Pr]Ar.

Mo-0(3)
Mo-0(2)
Mo-O(1)
Mo-N(4)
Mo-P(2)
Mo-P(1)
Mo-P(3)
P(3)-P(1)
P(3)-P(2)
P(2)-P(1)
0(3)-C(31)
0(2)-C(21)
O(1)-C(11)
N(4)-C(41)
N(4)-C(47)
C(31)-C(32)
C(31)-C(36)
C(47)-C(48)
C(47)-C(49)

1.888(3)
1.900(3)
1.903(3)
2.467(3)
2.4868(14)
2.5002(14)
2.5028(14)
2.136(2)
2.138(2)
2.145(2)
1.424(5)
1.421(5)
1.420(5)
1.450(5)
1.504(5)
1.500(7)
1.510(8)
1.516(6)
1.522(6)

C(41)-C(42)
C(41)-C(46)
C(11)-C(12)
C(11)-C(16)
C(46)-C(45)
C(21)-C(26)
C(21)-C(22)
C(42)-C(43)
C(43)-C(44)
C(43)-C(431)
C(22)-C(23)
C(26)-C(25)
C(45)-C(44)
C(45)-C(451)
C(32)-C(33)
C(34)-C(33)
C(34)-C(35)
C(35)-C(36)
C(25)-C(24)

1.382(6)
1.390(6)
1.506(8)
1.511(8)
1.387(7)
1.496(7)
1.518(7)
1.385(7)
1.386(8)
1.516(8)
1.526(8)
1.537(7)
1.371(8)
1.515(8)
1.526(7)
1.492(9)
1.526(9)
1.529(8)
1.513(9)
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C(23)-C(24)
C(16)-C(15)
C(15)-C(14)
C(14)-C(13)
C(13)-C(12)

0(3)-Mo-0(2)
0(3)-Mo-0O(1)
0(2)-Mo-0(1)
O(3)-Mo-N(4)
0(2)-Mo-N(4)
O(1)-Mo-N(4)
0(3)-Mo-P(2)
0(2)-Mo-P(2)
O(1)-Mo-P(2)
N(4)-Mo-P(2)
O(3)-Mo-P(1)
O(2)-Mo-P(1)
O(1)-Mo-P(1)
N(4)-Mo-P(1)
P(2)-Mo-P(1)
0(3)-Mo-P(3)
O(2)-Mo-P(3)
0(1)-Mo-P(3)
N(4)-Mo-P(3)
P(2)-Mo-P(3)
P(1)-Mo-P(3)
P(1)-P(3)-P(2)
P(1)-P(3)-Mo
P(2)-P(3)-Mo
P(3)-P(2)-P(1)
P(3)-P(2)-Mo
P(1)-P(2)-Mo
P(3)-P(1)-P(2)
P(3)-P(1)-Mo
P(2)-P(1)-Mo
C(31)-0(3)-Mo
C(21)-0(2)-Mo
C(11)-0(1)-Mo
C(41)-N(4)-C(47)
C(41)-N(4)-Mo

1.491(10)
1.550(9)
1.53(2)
1.46(2)
1.525(9)

109.91(14)
117.62(13)
116.56(13)
77.68(12)
76.30(12)
75.54(12)
88.64(10)
133.67(9)
87.87(10)
150.02(9)
133.03(10)
89.31(10)
87.41(10)
149.28(9)
50.96(5)
86.89(10)
87.12(9)
132.76(10)
151.69(9)
50.75(4)
50.55(5)
60.25(6)
64.66(5)
64.24(5)
59.83(6)
65.01(5)
64.84(5)
59.92(6)
64.79(5)
64.20(5)
139.6(3)
137.6(3)
137.5(3)
113.0(3)
111.1(3)

C(47)-N(4)-Mo
0(3)-C(31)-C(32)
0(3)-C(31)-C(36)
C(32)-C(31)-C(36)
N(4)-C(47)-C(48)
N(4)-C(47)-C(49)
C(48)-C(47)-C(49)
C(42)-C(41)-C(46)
C(42)-C(41)-N(4)
C(46)-C(41)-N(4)
O(1)-C(11)-C(12)
O(1)-C(11)-C(16)
C(12)-C(11)-C(16)
C(45)-C(46)-C(41)
0(2)-C(21)-C(26)
0(2)-C(21)-C(22)
C(26)-C(21)-C(22)
C(41)-C(42)-C(43)
C(42)-C(43)-C(44)
C(42)-C(43)-C(431)
C(44)-C(43)-C(431)
C(21)-C(22)-C(23)
C(21)-C(26)-C(25)
C(44)-C(45)-C(46)
C(44)-C(45)-C(451)
C(46)-C(45)-C(451)
C(31)-C(32)-C(33)
C(45)-C(44)-C(43)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(24)-C(25)-C(26)
C(24)-C(23)-C(22)
C(11)-C(16)-C(15)
C(31)-C(36)-C(35)
C(34)-C(33)-C(32)
C(14)-C(15)-C(16)
C(23)-C(24)-C(25)
C(13)-C(14)-C(15)
C(14)-C(13)-C(12)
C(11)-C(12)-C(13)

117.9(2)
109.9(4)
109.0(4)
111.5(4)
110.7(4)
112.3(4)
109.7(4)
120.1(4)
120.3(4)
119.6(4)
110.2(5)
109.0(4)
112.1(5)
120.1(5)
110.2(4)
108.8(4)
111.2(5)
120.2(5)
118.7(5)
120.9(5)
120.4(5)
109.6(5)
110.7(5)
118.8(5)
121.3(5)
119.9(6)
110.7(4)
122.1(5)
111.5(6)
110.8(5)
110.8(5)
111.5(6)
109.1(6)
109.7(6)
111.1(5)
110.7(9)
111.6(5)
113.6(7)
110.7(7)
110.1(7)
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Table A2.8.3. Anisotropic displacement parameters [A® x 10°] for 7-P;-HN[i-Pr]Ar.
The anisotropic displacement factor exponent takes the form: -2m°[h? a**U'' + ... +2hk
a* b* U'%

Ul 1 Uzz U33 U23 U13 U12
Mo  28(1) 30(1) 27(1) =2(1) 4(1) -1(1)
P(3) 54(1) 42(1) 31(1) -6(1) 4(1) -4(1)
P(2) 53(1) 33(1) 39(1) =5(1) 8(1) -4(1)
P(1) 43(1) 44(1) 45(1) ~11(1) 13(1) 1(1)
0o@3) 272) 45(2) 36(2) =7(2) 1(1) -2(2)
02) 39(2) 35(2) 32(2) -2(1) 11(1) -8(2)
Oo(l) 36(2) 35(2) 33(2) =3(1) 1(1) 7(1)
N@4) 28(2) 34(2) 26(2) 3(2) 0(2) 3(2)
C(@31) 31(3) 60(3) 38(3) -12(2) -1(2) -9(2)
C@7y 32(2) 38(3) 31(2) —4(2) 0(2) 3(2)
C@l) 32(2) 33(3) 33(3) =7(2) 8(2) -2(2)
C49) 48(3) 45(3) 42(3) -9(2) 0(2) 0(2)
C(11) 543) 49(3) 38(3) -5(2) -5(2) 26(3)
C@46) 34(3) 34(3) 51(3) ~4(2) 5(2) 3(2)
C(21) 55(3) 36(3) 38(3) —-6(2) 23(2) -8(2)
C@42) 49(3) 36(3) 35(3) -1(2) 12(2) -3(2)
C@43) 574) 47(3) 47(3) -15(3) 24(3) -13(3)
C@48) 36(3) 60(4) 44(3) -11(3) 2(2) -8(3)
C(22) 634) 84(5) 64(4) 8(3) 21(3) -23(3)
C(26) 75(4) 69(4) 36(3) 4(3) 17(3) 3(3)
C(45) 3403) 49(3) 77(4) ~24(3) 14(3) 2(3)
C(32) 44(3) 51(3) 48(3) -3(3) 3(2) -13(3)
C44) 47(3) 62(4) 74(4) -28(3) 36(3) -20(3)
C(34) 38(3) 146(7) 63(4) -15(5) -3@3) -16(4)
C(35) 454) 173(8) 57(4) 15(5) -15(3) =8(5)
C(451)35(3) 92(5) 134(7) —-18(5) 114) 15(3)
C(25) 118(6) 70(5) 42(3) 5(3) 30(4) 9(4)
C(23) 89(5) 112(6) 86(5) 9(5) 40(5) -46(5)
C(16) 140(7) 69(4) 56(4) 18(3) 13(4) 58(5)
C(36) 41(3) 103(5) 50(3) 17(3) -4(3) =7(3)
C(33) 514) 93(5) 71(4) -22(4) 12(3) -28(4)
C(15) 277(14) 107(7) 57(5) 29(5) 35(7) 122(9)
C(24) 161(8) 48(4) 65(4) -5(3) 62(5) =27(5)
C(431) 106(5) 68(4) 59(4) =7(3) 42(4) -30(4)
C(14) 209(13) 207(13) 82(7) -34(7) =72(8) 164(11)
C(13) 101(6) 154(9) 126(8) -61(7) -59(6) 86(6)
C(12) 504) 95(5) 90(5) -38(4) -16(3) 35(4)
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A2.9 X-ray Crystal Structure of Mo,(OCy);(N[i-Pr]Ar)s.

Crystals grown from a concentrated pentane solution at —35 °C were coated with
Paratone N oil (Exxon) on a microscope slide. A yellow prism was selected and mounted
with wax on a glass fiber. A total of 15119 reflections (-14 Oh 015, -14 Ok 017,-18 O
I 1J18) were collected at 183(2) K in the @ range of 1.28 to 24.00 °, of which 9618 were
unique (Rine = 0.0335). The radiation used was Mo-Ka (A = 0.71073 A, u = 0.465 mm’l).
The structure was solved by direct methods (SHELXTL V5.0, G. M. Sheldrick and
Siemens Industrial Automation, Inc., 1995) in conjunction with standard difference
Fourier techniques. All non-hydrogen atoms were refined anisotropically and the
hydrogen atoms were placed in calculated (dcy = 0.96 A) positions. The residual peak
and hole electron density were 1.441 and —-0.834 e'A7, respectively. An empirical
absorption correction was applied based on pseudo-psi-scans with maximum and
minimum transmission equal to 0.4858 and 0.3432, respectively. The least squares
refinement converged normally with residuals of R; = 0.0405, wR, = 0.1171 based upon /
> 201, and GOF = 1.039 (based on F?). No significant extinction coefficient was applied
to the refinement. Crystal and refinement data: Formula = CssHosM0;N303; space

group, PlJa = 13.2354(14) A; b = 15.5273(16) A; ¢ = 16.2423(17) A; o= 90.147(2) ° B
=100.121(2) % y = 109.650(2) ° V = 3087.8(6) A*; Z = 2; Deare = 1.127 grem™; F(000) =
1116; R; (based on F) = 0.0450; wR, (based on F*) = 0.1209.

Table A2.9.1. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A? x 10%) for Mo, (OCy);(N[i-Pr]Ar)s. U(eq) is defined as one third of the
trace of the orthogonalized U tensor.

X y z U(eq)
Mo(1) 6731(1) 7745(1) 7530(1) 34(1)
N(1) 5337(2) 6819(2) 7722(2) 41(1)
N(2) 6634(2) 8147(2) 6394(2) 38(1)
Mo(2) 7812(1) 6913(1) 7509(1) 35(1)
0(3) 7638(2) 8645(2) 8411(2) 59(1)
N@4) 7917(2) 6482(2) 8633(2) 41(1)
0(5) 7028(2) 5995(2) 6609(1) 45(1)
O(6) 9145(2) 7729(1) 7288(1) 44(1)
C(11) 4492(3) 7198(2) 7702(2) 43(1)
C(12) 4766(3) 8074(2) 8074(2) 48(1)
C(13) 4020(3) 8533(3) 8028(2) 55(1)
C(14) 2948(3) 8071(3) 7646(2) 60(1)
C(15) 2627(3) 7184(3) 7296(2) 57(1)
C(16) 3397(3) 6761(3) 7308(2) 52(1)
Cc(17) 5051(3) 5808(2) 7743(2) 49(1)
C(18) 4372(3) 5410(3) 8410(3) 69(1)
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C(19)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C@27)
C(28)
C(29)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(7)
C(48)
C(49)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(71)
C(72)
C(73)
C(74)
C(75)
C(131)
C(151)
C(231)
C@251)

4552(3)
5983(3)
6465(3)
5864(3)
4762(3)
4250(3)
4867(3)
6994(3)
6080(3)
7484(3)
7636(4)
8705(3)
8585(5)
8452(5)
7512(5)
7568(5)
8609(3)
8147(3)
8803(4)
9930(4)
10415(3)
9744(3)
7548(3)
8476(4)
7008(4)
7560(3)
6796(4)
7341(5)
7891(5)
8667(5)
8102(5)
9647(3)
10141(3)
10752(3)
11621(3)
11139(3)
10508(3)
4447(9)
4884(14)
5744(14)
5024(13)
5710(8)
4370(4)
1446(3)
6387(4)
3051(3)

5279(3)
8734(2)
9662(2)
10247(2)
9891(3)
8973(3)
8398(2)
7904(2)
7158(3)
8750(3)
9463(3)
10242(2)
11114(4)
11121(4)
10338(5)
9442(3)
5927(2)
4973(2)
4433(3)
4860(3)
5806(3)
6331(2)
6663(2)
7329(3)
5786(3)
5386(2)
4462(3)
3794(3)
4142(3)
5075(4)
5736(3)
8663(2)
8691(2)
9677(3)
10170(3)
10143(3)
9150(2)
7951(8)
7284(8)
7534(13)
7339(14)
7480(6)
9502(3)
6672(3)
11245(3)
8607(3)

6882(3)
6286(2)
6548(2)
6481(2)
6127(2)
5851(2)
5939(2)
5635(2)
5062(2)
5168(2)
8677(3)
8602(3)
8865(3)
9767(3)
9911(3)
9633(3)
8713(2)
8565(2)
8618(2)
8827(2)
8968(2)
8909(2)
9406(2)
10017(3)
9815(3)
6380(2)
6211(4)
5939(4)
5188(3)
5379(4)
5636(4)
7121(2)
6341(2)
6166(2)
6912(3)
7695(3)
7869(2)
10321(6)
10393(7)
11473(17)
11769(12)
12790(5)
8404(3)
6897(3)
6794(3)
5479(3)

66(1)
41(1)
49(1)
57(1)
59(1)
52(1)
44(1)
45(1)
61(1)
60(1)
67(1)
66(1)
89(2)
101(2)
108(2)
103(2)
42(1)
53(1)
62(1)
67(1)
56(1)
47(1)
51(1)
79(1)
70(1)
55(1)
85(1)
103(2)
96(2)
109(2)
92(2)
43(1)
49(1)
62(1)
69(1)
67(1)
51(1)
196(4)
225(7)
343(14)
295(10)
180(4)
75(1)
76(1)
84(1)
70(1)
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C(431)
C(451)

8307(5)
11637(4)

8446(4)
9193(3)

96(2)
79(1)

Table A2.9.2. Bond lengths [A] and angles [°] for Mo,(OCy);(N[i-Pr]Ar)s.

Mo(1)-0(3)
Mo(1)-N(2)
Mo(1)-N(1)
Mo(1)-Mo(2)
N(1)-C(11)
N(1)-C(17)
N(2)-C(21)
NQ2)-C(27)
Mo(2)-O(6)
Mo(2)-O(5)
Mo(2)-N(4)
0(3)-C(31)
N@4)-C41)
N4)-C(47)
O(5)-C(51)
0(6)-C(61)
C(11)-C(12)
C(11D)-C(16)
C(12)-C(13)
C(13)-C(14)
C(13)-C(131)
C(14)-C(15)
C(15)-C(16)
C(15)-C(151)
CT7)-C(18)
C(17)-C(19)
C(21)-C(22)
CQ2D)-C(26)
C(22)-C(23)
C(23)-C(24)
C(23)-C(231)
C(24)-C(25)
C(25)-C(26)
C(25)-C(251)
C(27)-C(28)
C(27)-C(29)
C(31)-C(32)
C(@31)-C(36)
C(32)-C(33)
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1.923(2)
1.946(2)
1.998(3)
2.2315(4)
1.424(4)
1.487(4)
1.442(4)
1.488(4)
1.888(2)
1.925(2)
1.943(2)
1.342(4)
1.445(4)
1.483(4)
1.438(4)
1.427(4)
1.392(5)
1.408(5)
1.390(5)
1.385(5)
1.511(5)
1.384(6)
1.383(5)
1.517(5)
1.529(5)
1.540(5)
1.396(5)
1.399(5)
1.388(5)
1.388(6)
1.513(5)
1.390(6)
1.391(5)
1.503(5)
1.525(5)
1.525(5)
1.546(6)
1.571(6)
1.484(6)

C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(41)-C(46)
C(41)-C(42)
C(42)-C(43)
C(43)-C(44)
C(43)-C(431)
C(44)-C(45)
C(45)-C(46)
C(45)-C(451)
C(47)-C(48)
C(47)-C(49)
C(51)-C(52)
C(51)-C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(55)-C(56)
C(61)-C(66)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)
C(64)-C(65)
C(65)-C(66)
C(71)-C(72)
C(72)-C(73)
C(73)-C(74)
C(74)-C(75)

O(3)-Mo(1)-N(2)
O(3)-Mo(1)-N(1)
N(2)-Mo(1)-N(1)
O(3)-Mo(1)-Mo(2)
N(2)-Mo(1)-Mo(2)
N(1)-Mo(1)-Mo(2)
C(11)-N(1)-C(17)
C(11)-N(1)-Mo(1)
C(17)-N(1)-Mo(1)

1.506(7)
1.471(8)
1.492(7)
1.396(5)
1.401(5)
1.389(5)
1.391(6)
1.508(6)
1.391(6)
1.385(5)
1.505(6)
1.509(6)
1.524(5)
1.442(6)
1.521(6)
1.550(6)
1.537(7)
1.462(8)
1.553(6)
1.508(5)
1.519(4)
1.527(5)
1.513(6)
1.514(6)
1.541(5)
1.342(12)
1.88(2)
1.095(19)
1.72(2)

116.83(10)
120.13(11)
112.82(11)
98.52(8)
100.99(7)
102.83(7)
118.6(2)
112.4Q2)
128.30(19)




C(21)-N(2)-C(27)
C(21)-N(2)-Mo(1)
C(27)-N(2)-Mo(1)
0(6)-Mo(2)-0(5)
0(6)-Mo(2)-N(4)
0(5)-Mo(2)-N(4)
0(6)-Mo(2)-Mo(1)
0(5)-Mo(2)-Mo(1)
N(4)-Mo(2)-Mo(1)
C(31)-0(3)-Mo(1)
C(41)-N(4)-C(47)
C(41)-N(4)-Mo(2)
C(47)-N(4)-Mo(2)
C(51)-0(5)-Mo(2)
C(61)-0(6)-Mo(2)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)-C(11)-N(1)
C(13)-C(12)-C(11)
C(14)-C(13)-C(12)
C(14)-C(13)-C(131)
C(12)-C(13)-C(131)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(14)-C(15)-C(151)
C(16)-C(15)-C(151)
C(15)-C(16)-C(11)
N(1)-C(17)-C(18)
N(1)-C(17)-C(19)
C(18)-C(17)-C(19)
C(22)-C(21)-C(26)
C(22)-C(21)-N(2)
C(26)-C(21)-N(2)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(24)-C(23)-C(231)
C(22)-C(23)-C(231)
C(23)-C(24)-C(25)
C(24)-C(25)-C(26)
C(24)-C(25)-C(251)
C(26)-C(25)-C(251)
C(25)-C(26)-C(21)
N(2)-C(27)-C(28)
N(2)-C(27)-C(29)

116.7(2)
109.68(18)
133.34(19)
113.19(10)
113.84(10)
116.25(10)
105.89(6)
103.42(6)
102.41(7)
133.7(3)
116.0(2)
108.60(18)
135.1(2)
117.5(2)
140.92(18)
117.1(3)
118.2(3)
124.7(3)
122.5(3)
118.3(3)
121.1(3)
120.6(3)
121.2(3)
119.5(3)
121.0(3)
119.5(4)
121.3(3)
112.7(3)
114.4(3)
112.3(3)
118.4(3)
119.6(3)
122.03)
121.73)
118.3(3)
120.6(3)
121.2(4)
122.03)
118.5(3)
120.7(3)
120.8(3)
121.1(3)
112.0(3)
111.4(3)

C(28)-C(27)-C(29)
0(3)-C(31)-C(32)
0(3)-C(31)-C(36)
C(32)-C(31)-C(36)
C(33)-C(32)-C(31)
C(32)-C(33)-C(34)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(35)-C(36)-C(31)
C(46)-C(41)-C(42)
C(46)-C(41)-N(4)
C(42)-C(41)-N(4)
C(43)-C(42)-C(41)
C(44)-C(43)-C(42)
C(44)-C(43)-C(431)
C(42)-C(43)-C(431)
C(43)-C(44)-C(45)
C(46)-C(45)-C(44)
C(46)-C(45)-C(451)
C(44)-C(45)-C(451)
C(45)-C(46)-C(41)
N(4)-C(47)-C(48)
N(4)-C(47)-C(49)
C(48)-C(47)-C(49)
0(5)-C(51)-C(52)
0(5)-C(51)-C(56)
C(52)-C(51)-C(56)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(55)-C(54)-C(53)
C(54)-C(55)-C(56)
C(51)-C(56)-C(55)
0(6)-C(61)-C(66)
0(6)-C(61)-C(62)
C(66)-C(61)-C(62)
C(61)-C(62)-C(63)
C(64)-C(63)-C(62)
C(63)-C(64)-C(65)
C(64)-C(65)-C(66)
C(61)-C(66)-C(65)
C(71)-C(72)-C(73)
C(74)-C(73)-C(72)
C(73)-C(74)-C(75)

111.9(3)
111.8(3)
108.5(4)
106.6(4)
107.0(4)
110.94)
111.6(5)
112.5(4)
108.0(4)
119.0(3)
120.8(3)
120.1(3)
120.8(4)
118.5(4)
120.7(4)
120.8(4)
122.1(3)
118.3(4)
120.9(4)
120.8(3)
121.3(3)
111.0(3)
112.5(3)
111.2(3)
110.7(3)
109.5(3)
112.1(4)
111.8(4)
110.5(4)
110.7(4)
111.2(5)
109.9(4)
109.2(3)
108.7(3)
111.1(3)
110.9(3)
111.3(3)
111.3(3)
111.1(3)
111.3(3)
103.4(10)
92(2)
97(2)
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Table A2.9.3. Anisotropic displacement parameters (A? x 10%) for Moy(OCy)s(N[i-
Pr]Ar)s. The anisotropic displacement factor exponent takes the form: -27°[h? a**U!! +
. +2hka*b* U

ylt U22 U33 U23 Ul3 ul2
Mo(1) 35(1) 32(1) 40(1) 9(1) 13(1) 16(1)
N(1) 39(1) 42(2) 49(2) 11(1) 19(1) - 18(1)
N(2) 38(1) 39(1) 43(1) 11(1) 13(1) 17(1)
Mo(2) 36(1) 34(1) 44(1) 12(1) 15(1) 17(1)
03) 76(2) 40(1) 49(1) 3(1) 8(1) (1)
N@4) 47(12) 39(1) 45(1) 14(1) 17(1) 22(1)
o(5) 47(1) 45(1) 52(1) 6(1) 17(1) 22(1)
0O(6) 40(1) 40(1) 62(1) 18(1) 21(1) 20(1)
C1) 402 49(2) 50(2) 15(2) 22(1) 20(2)
C(12) 4412 56(2) 51(2) 7(2) 19Q2) 20(2)
C(13) 552 62(2) 59(2) 8(2) 25(2) 30(2)
C(14) 54(2) 72(3) 71(2) 13(2) 25(2) 38(2)
C(15) 40(2) 71(3) 64(2) 14(2) 18(2) 23(2)
C(16) 46(2) 55(2) 60(2) 9(2) 18(2) 20(2)
C{a7  43(2) 39(2) 70(2) 14(2) 18(2) 15(2)
C(18) 61(2) 62(2) 92(3) 32(2) 37(2) 21(2)
C(19) 53(2) 51(2) 98(3) -5(2) 24(2) 18(2)
C21) 49(2) 41(2) 38(2) 14(1) 14(1) 21(2)
C22) 5112 44(2) 51(2) 9(2) 10(2) 17(2)
C(23) 78(@3) 45(2) 57(2) 12(2) 152) 33(2)
C(24) 74(3) 64(2) 56(2) 11(2) 14(2) 46(2)
C(25) 572 66(2) 47(2) 10(2) 10(2) 36(2)
C(26) 42(2) 51(2) 45(2) 7(2) 8(1) 23(2)
c@27n 4712 56(2) 43(2) 15(2) 17(1) 27(2)
C(28) 66(2) 72(3) 51(2) -3(2) 13(2) 31(2)
C29) 62(2) 73(3) 59(2) 30(2) 28(2) 35(2)
C@31) 73(3) 71(3) 65(2) 3(2) 19(2) 34(2)
C@32) 71(3) 46(2) 75(3) -5(2) 26(2) 5(2)
C33) 106(4) 89(3) 83(3) -4(3) 3(3) 54(3)
C(34) 136(5) 88(4) 96(4) -18(3) 16(3) 66(4)
C35) 84(4) 188(7) 64(3) -42(4) 5(3) 64(4)
C@36) 135(5) 74(3) 84(3) -10(3) 64(3) -5(3)
C41l) 56(2) 44(2) 39(2) 16(1) 15(1) 28(2)
C42) 7012 42(2) 55(2) 15(2) 22(2) 25(2)
C43) 98(3) 47(2) 61(2) 20(2) 32(2) 42(2)
Cd4) 97(3) 78(3) 63(2) 27(2) 34(2) 66(3)
C45) 66(2) 73(3) 49(2) 20(2) 20(2) 46(2)
C@6) 56(2) 49(2) 46(2) 11(2) 14(2) 28(2)
Cc@7) 622 58(2) 50(2) 18(2) 25(2) 35(2)
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C(48)
C(49)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(71)
C(72)
C(73)
C(74)
C(75)
C(131)
C(151)
C(231)
C(251)
C(431)
C(451)

82(3)
89(3)
73(2)
80(3)
132(5)
155(5)
129(5)
114(4)
38(2)
44(2)
56(2)
55(2)
63(2)
52(2)
192(10)
380(20)
194(17)
190(15)
201(10)
75(3)
47(2)
107(4)
58(2)
147(5)
67(3)

93(3)
79(3)
55(2)
61(3)
57(3)
81(3)
95(4)
70(3)
40(2)
51(2)
67(2)
59(2)
54(2)
54(2)
219(12)
178(11)
320(20)
420(30)
155(8)
72(3)
90(3)
47(2)
99(3)
50(3)
118(4)

63(3)
66(2)
52(2)
119(4)
136(5)
74(3)
137(5)
117(4)
58(2)
54(2)
63(2)
84(3)
74(3)
52(2)
167(9)
194(10)
590(40)
340(20)
152(7)
95(3)
95(3)
103(3)
66(2)
114(4)
75(3)

-17(2)
39(2)
1)
1(3)
13)
-11(3)
6(4)
14(3)
18(2)
14(2)
26(2)
22(2)
3(2)
12(2)
23(9)
59(9)
190(20)
35(18)
36(6)
6(2)
7(3)
6(2)
9(2)
19(3)
18(3)

15(2)
40(2)
15(2)
39(3)
64(4)
34(3)
81(4)
71(3)
20(1)
16(2)
24(2)

. 23(2)

8(2)
18(2)
83(7)
131(12)
100(20)
116(16)
9(7)
28(2)
11(2)
16(3)
3(2)
49(4)
14(2)

39(3)
48(2)
38(2)
20(2)
33(3)
65(4)
53(4)
38(3)
17(1)
15(2)
16(2)
1(2)
11(2)
22(2)
31(9)
160(13)
164(16)
152(17)
42(7)
40(2)
29(2)
37(2)
48(2)
50(3)
60(3)
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A2.10 X-ray Crystal Structure of (u-n**-P)[UN[t-BulAr)s]; (8,-Ps).

Crystals grown from a concentrated pentane solution at -35 °C were coated with
Paratone N oil (Exxon) on a microscope slide. An orange prism was selected and
mounted with wax on a glass fiber. A total of 8224 reflections (10 Ok 013, -15 0k O
13, —15 01 0 15) were collected at 183(2) K in the @ range of 2.12 to 23.27 °, of which
5642 were unique (R; = 0.0368). The radiation used was Mo-Ka (A = 0.71073 A, w=
0.465 mm™). The structure was solved by direct methods (SHELXTL V5.0, G. M.
Sheldrick and Siemens Industrial Automation, Inc., 1995) in conjunction with standard
difference Fourier techniques. All non-hydrogen atoms were refined anisotropically and
the hydrogen atoms were placed in calculated (dcy = 0.96 A) positions. The residual
peak and hole electron density were 1.441 and —0.834 e-A™, respectively. A semi-
empirical absorption correction was applied based on pseudo-psi-scans with maximum
and minimum transmission equal to 0.6887 and 0.3767, respectively. The least squares
refinement converged normally with residuals of R; = 0.0336, wR, = 0.0802 based upon /
> 201, and GOF = 1.035 (based on F?). No significant extinction coefficient was applied
to the refinement. Crystal and refinement data: Formula = C3H;,0N¢P4U>; space group,

PCla = 11.9018(6) A; b = 13.8947(8) A; ¢ = 13.9991(8) A; o = 77.7170(10) °; B =
69.9770(10) % y = 67.3510(10) °; V = 1998.6(2) A%; Z = 1; Deyc = 1.449 g-em™; F(000) =
876; R, (based on F) = 0.0426; wR, (based on F2) =0.0843.

Table A2.10.1. Atomic coordinates [x 10*] and equivalent isotropic displacement
parameters [A2 x 10%] for 8,-Ps.

X y z U(eq)
U 4670(1) 8625(1) 1695(1) 32(1)
N(2) 6623(4) 7636(4) 1806(4) 35(1)
N(@3) 3456(4) 7834(4) 1490(4) 35(1)
N(1) 3743(5) 9165(5) 3264(4) 52(2)
C(27) 7616(6) 7869(5) 2058(5) 40(2)
C(36) 1460(6) 9285(5) 1461(5) 38(1)
C(26) 6717(6) 5802(5) 2191(6) 47(2)
C(31) 2143(6) 8382(5) 1960(5) 38(1)
C@37) 3629(6) 6990(5) 867(5) 43(2)
C(13) 1480(7) 11853(7) 2863(5) 59(2)
C(23) 8207(6) 5366(5) 198(5) 46(2)
C(22) 7782(6) 6373(5) 505(5) 40(2)
C(35) 180(6) 9832(5) 1906(5) 42(2)
C(251) 6732(8) 3945(6) 2673(7) 70(2)
C(25) 7134(7) 4790(5) 1905(6) 51(2)
C(33) 220(6) 8560(5) 3385(5) 43(2)
C(210) 6964(6) 8890(5) 2567(6) 50(2)
C@1) 7066(5) 6596(4) 1491(5) 37(1)
C(32) 1486(6) 8036(5) 2919(5) 44(2)
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C(16) 3877(7) 10922(6) 3122(5) 53(2)

C(@351) -552(6) 10778(6) 1324(6) 61(2)

C(15) 3401(7) 12003(6) 2936(5) 56(2)

C(34) -415(6) 9474(5) 2865(5) 43(2)

Cc(24) 7873(6) 4590(5) 929(6) 49(2)

C(12) 1965(7) 10770(7) 3044(5) 56(2)

C(29) 8682(6) 8006(6) 1100(6) 52(2)

C(@331) —466(7) 8165(6) 4426(5) 63(2)

C(310) 5023(6) 6603(5) 242(5) 48(2)

C(17) 3524(7) 8657(6) 4344(6) 58(2)

C(11) 3179(7) 10286(6) 3164(5) 51(2)

C(39) 2836(7) 7404(6) 130(7) 65(2)

C(38) 3297(8) 6079(6) 1569(6) 68(2)

C(231) 8963(7) 5136(6) —890(6) 58(2)

C(19) 2106(8) 8855(7) 4881(6) 77(3)

C(18) 4045(8) 9064(7) 4974(6) 66(2)

C(14) 2203(8) 12448(7) 2815(5) 63(2)

C(28) 8200(7) 7011(6) 2803(6) 57(2)

C(151) 4209(8) 12645(7) 2854(8) 80(3)

C(131) 158(8) 12390(8) 2704(7) 90(3)

C(110) 4255(9) 7476(7) 4264(7) 84(3)

C(3S) 399(16) 5097(12) 5254(13) 149(6)

C(1S) 2470(24) 5221(14) 4944(15) 222(11)

P(1) 6345(2) 9257(1) —465(1) 41(1)

P(2) 5528(2) 10492(1) 540(1) 41(1)

C(2S) 1592(19) 4996(13) 4592(16) 174(7)

Table A2.10.2. Bond lengths [A] and angles [°] for 8,-Py.

U-N(2) 2.238(5) N(3)-C(37) 1.519(8)
U-N(@3) 2.240(5) N(1)-C(11) 1.436(9)
U-N(1) 2.238(5) N(1)-C(17) 1.507(9)
U-C(11) 3.011(7) C(27)-C(28) 1.524(9)
U-C(31) 3.044(6) C(27)-C(210) 1.52509)
U-P(2) 3.084(2) C(27)-C(29) 1.534(9)
U-P(1)#1 3.101(2) C(36)-C(35) 1.395(9)
U-P(1) 3.158(2) C(336)-C(31) 1.397(9)
U-P(2)#1 3.162(2) C(26)-C(25) 1.396(10)
N(2)-C(21) 1.445(7) C(26)-C(21) 1.401(9)
N(2)-C(27) 1.502(8) C(31)-C(32) 1.393(9)
N(3)-C(31) 1.431(8) C(37)-C(39) 1.511(10)
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C(37)-C(38)
C(37)-C(310)
C(13)-C(14)
C(13)-C(12)
C(13)-C(131)
C(23)-C(24)
C(23)-C(22)
C(23)-C(231)
C(22)-C(21)
C(35)-C(34)
C(35)-C(351)
C(251)-C(25)
C(25)-C(24)
C(33)-C(32)
C(33)-C(34)
C(33)-C(331)
C(16)-C(15)
C(16)-C(11)
C(15)-C(14)
C(15)-C(151)
C(12)-C(11)
C(17)-C(18)
C(17)-C(19)
C(17)-C(110)
C(35)-C(2S)
C(3S)-C(3S)#2
C(1S)-C(2S)
P(1)-PQ2)#1
P(1)-P(2)
P(1)-U#1
P(2)-P(1)#1
P(2)-U#1

N(2)-U-N(3)
N(2)-U-N(1)
N(3)-U-N(1)
N(2)-U-C(11)
N(3)-U-C(11)
N(1)-U-C(11)
N(2)-U-C(31)
N(3)-U-C(31)
N(1)-U-C(31)
C(11)-U-C(31)
N(2)-U-P(2)
N(3)-U-P(2)
N(1)-U-P(2)
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1.521(10)
1.525(9)
1.383(11)
1.389(11)
1.531(10)
1.397(10)
1.400(9)
1.510(10)
1.378(9)
1.374(9)
1.516(9)
1.518(10)
1.366(10)
1.382(9)
1.400(9)
1.511(9)
1.387(10)
1.409(10)
1.374(10)
1.508(11)
1.392(10)
1.530(10)
1.533(10)
1.541(11)
1.38(2)
1.49(3)
1.45(2)
2.156(2)
2.162(2)
3.101(2)
2.157(2)
3.162(2)

118.2(2)
100.6(2)
105.6(2)
116.0(2)
112.3(2)
27.0(2)
139.3(2)
26.2(2)
84.5(2)
86.4(2)
92.80(12)
134.24(13)
100.1(2)

C(11)-U-PQ2)
C(31)-U-P(2)
N(2)-U-P(1)#1
N(3)-U-P(1)#1
N(1)-U-P(1)#1
C(11)-U-P(1)#1
C(31)-U-P(1)}#1
P(2)-U-P(1)#1
N(2)-U-P(1)
N(3)-U-P(1)
N(1)-U-P(1)
C(11)-U-P(1)
C31)-U-P(1)
P(2)-U-P(1)
P(1)#1-U-P(1)
N(2)-U-P(2)#1
N(3)-U-PQ2)#1
N(1)-U-P(2)#1
C(11)-U-PQ)#1
C(31)-U-PQ)#1
P(2)-U-P(2)#1
P(1)#1-U-P(2)#1
P(1)-U-P(2)#1
C(21)-N(2)-C(27)
C(21)-N(2)-U
C(27)-N(2)-U
C(31)-N(3)-C(37)
C(31)-N(3)-U
C(37)-N(3)-U
C(11D)-N(1)-C(17)
C(11)-N(1)-U
C(17)-N(1)-U
N(2)-C(27)-C(28)
N(2)-C(27)-C(210)
C(28)-C(27)-C(210)
N(2)-C(27)-C(29)
C(28)-C(27)-C(29)
C(210)-C(27)-C(29)
C(35)-C(36)-C(31)
C(25)-C(26)-C(21)
C(32)-C(31)-C(36)
C(32)-C(31)-N(3)
C(36)-C(31)-N(3)
C(32)-C(31)-U
C(36)-C(31)-U
NG3)-C(31)-U

77.39(14)
126.39(12)
132.43(12)
97.66(13)
98.3(2)
71.61(14)
85.57(12)
40.81(5)
79.42(13)
109.48(13)
139.9(2)
117.66(14)
121.61(12)
40.50(4)
58.68(5)
115.50(13)
77.50(13)
137.3(2)
111.54(14)
82.49(12)
58.23(5)
40.37(4)
39.90(4)
113.0(4)
114.2(3)
132.5(4)
112.0(4)
110.1(3)
137.1(4)
115.3(5)
108.1(4)
136.6(5)
111.4(5)
107.6(5)
108.2(6)
112.1(5)
109.0(5)
108.6(5)
121.8(6)
120.4(7)
117.2(6)
121.9(6)
120.9(5)
119.0(4)
106.1(4)
43.7(3)




C(39)-C(37)-N(3)
C(39)-C(37)-C(38)
N(3)-C(37)-C(38)
C(39)-C(37)-C(310)
N(3)-C(37)-C(310)
C(38)-C(37)-C(310)
C(14)-C(13)-C(12)
C(14)-C(13)-C(131)
C(12)-C(13)-C(131)
C(24)-C(23)-C(22)
C(24)-C(23)-C(231)
C(22)-C(23)-C(231)
C(21)-C(22)-C(23)
C(34)-C(35)-C(36)
C(34)-C(35)-C(351)
C(36)-C(35)-C(351)
C(24)-C(25)-C(26)
C(24)-C(25)-C(251)
C(26)-C(25)-C(251)
C(32)-C(33)-C(34)
C(32)-C(33)-C(331)
C(34)-C(33)-C(331)
C(22)-C(21)-C(26)
C(22)-C(21)-N(2)
C(26)-C(21)-N(2)
C(33)-C(32)-C(31)
C(15)-C(16)-C(11)
C(14)-C(15)-C(16)
C(14)-C(15)-C(151)
C(16)-C(15)-C(151)

112.1(5)
109.7(6)
110.3(5)
107.7(6)
107.7(5)
109.2(6)
119.6(7)
119.9(8)
120.5(7)
117.5(6)
121.3(6)
121.3(6)
121.6(6)
118.8(6)
120.7(6)
120.5(6)
119.0(6)
121.5(7)
119.5(7)
118.1(6)
121.4(6)
120.5(6)
119.0(6)
121.6(5)
119.3(6)
122.6(6)
121.8(7)
117.9(7)
122.4(7)
119.7(7)

C(35)-C(34)-C(33)
C(25)-C(24)-C(23)
C(13)-C(12)-C(11)
N(1)-C(17)-C(18)
N(1)-C(17)-C(19)
C(18)-C(17)-C(19)
N(1)-C(17)-C(110)
C(18)-C(17)-C(110)
C(19)-C(17)-C(110)
C(12)-C(11)-C(16)
C(12)-C(11)-N(1)
C(16)-C(11)-N(1)
C(12)-C(11)-U
C(16)-C(11)-U
N(1)-C(11)-U
C(15)-C(14)-C(13)

121.5(6)
122.4(6)
120.2(7)
111.4(6)
111.5(7)
108.3(6)
106.0(6)
109.2(7)
110.5(7)
118.3(7)
121.1(6)
120.4(6)
108.4(4)
111.6(4)
44.9(3)

122.1(8)

C(25)-C(3S)-C(35)#2 110(2)

P(2)#1-P(1)-P(2)
P(2)#1-P(1)-U#1
P(2)-P(1)-U#1
P(2)#1-P(1)-U
P(2)-P(1)-U
U#1-P(1)-U
P(1)#1-P(2)-P(1)
P(1)#1-P(2)-U
P(1)-P(2)-U
P(1)#1-P(2)-U#1
P(1)-P(2)-U#1
U-P(2)-U#1
C(3S)-C(2S)-C(1S)

89.48(9)
69.16(6)
71.34(6)
70.14(6)
67.89(6)
121.32(5)
90.52(8)
70.03(6)
71.61(6)
69.96(6)
68.29(6)
121.77(5)
118(2)

Symmetry transformations used to generate equivalent atoms:

#l—=x+1,-y+2,-z

#2 x,-y+1,-z+1

Table A2.10.3. Anisotropic displacement parameters [A% x 10°] for 8,-P;.

u" U2 U3 UB UB U2
U 33(1) 34(1) 29(1) 0(1) ~12(1) —-12(1)
N(2) 3403) 33(3) 40(3) 3(2) -17(2) -11(2)
N@3) 32(3) 39(3) 36(3) =7(2) -9(2) -14(2)
N(1) 46(3) 70(4) 47(3) -21(3) —4(3) =27(3)
C(27) 41(4) 33(3) 47(4) 3(3) -20(3) -12(3)
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C(36) 41(4)
C(26) 45(4)
C(31) 40(4)
C(37) 36(4)
C(13) 50(4)
C(23) 38(4)
C(22) 37(3)
C(35) 37(4)
C(251)89(6)
C(25) 56(4)
C(33) 44(4)
C(210) 50(4)
Cc@1) 27(3)
C(32) 50(4)
C(16) 48(4)
C(351)40(4)
C(15) 58(5)
C(34) 3203)
C(24) 43(4)
C(12) 47(4)
C(29) 37(4)
C(331)59(5)
C(310)46(4)
C(17) 63(5)
C(11) 57(4)
C(39) 47(4)
C(38) 83(6)
C(231) 50(4)
C(19) 81(6)
C(18) 85(6)
C(14) 66(5)
C(28) 57(5)
C(151) 81(6)
C(131) 65(6)
C(110) 94(7)

C(3S) 170(17)
C(1S) 393(34)

P(1) 41(1)
P(2) 51(1)

C(2S) 208(20)

40(3)
52(4)
42(3)
44(4)
96(6)
46(4)
38(3)
49(4)
50(4)
44(4)
51(4)
46(4)
34(3)
43(4)
74(5)
68(5)
69(5)
52(4)
37(4)
98(6)
59(4)
76(5)
48(4)
69(5)
81(5)
75(5)
54(4)
53(4)
112(7)
87(6)
76(5)
59(4)
73(6)
123(8)
76(6)
106(10)
142(15)
41(1)
44(1)
107(11)

37(3)
54(4)
42(4)
50(4)
32(4)
58(4)
51(4)
48(4)
79(6)
64(5)
35(3)
60(4)
51(4)
41(4)
40(4)
60(5)
45(4)
49(4)
79(5)
33(4)
61(5)
43(4)
55(4)
45(4)
28(3)
90(6)
67(5)
71(5)
55(5)
43(4)
41(4)
65(5)
96(7)
79(6)
73(6)
147(16)
208(21)
32(1)
32(1)
208(22)

-1(3)
7(3)
=7(3)
~18(3)
4(4)
~4(3)
2(3)
~11(3)
12(4)
8(3)
~14(3)
=5(3)
-2(3)
~3(3)
~17(4)
~2(4)
-2(4)
~18(3)
~-9(4)
~10(4)
—-5(4)
~7(4)
~15(3)
~17(4)
~20(3)
~38(5)
~19(4)
~19(4)
~31(5)
~7(4)
9(4)
7(4)
0(5)
25(6)
~17(5)
68(10)
56(14)
0(1)
0(1)
~1(12)

-11(3)
—26(3)
-15(3)
-10(3)
-13(3)
-26(3)
-20(3)
-18(3)
-31(5)
~30(4)
—4(3)
—22(4)
-18(3)
-15(3)
—903)
-19(4)
—14(4)
—8(3)
—34(4)
-14(3)
-12(3)
—2(4)
—20(3)
—24)
—8(3)
—35(4)
2(4)
—19(4)
10(4)
-17(4)
-15(4)
—38(4)
—33(5)
—34(5)
=3(5)
-68(11)
—183(23)
-9(1)
-15(1)
-89(17)

-18(3)
-21(3)
-19(3)
-11(3)
-29(4)
—-10(3)
-15(3)
-16(3)
-36(4)
-26(3)
-18(3)
—18(3)
-7(3)
—-16(3)
-22(4)
0(4)
-29(4)
-13(3)
-9(3)
-32(4)
-21(3) -
~22(4)
-12(3)
-31(4)
-32(4)
=7(4)
~36(4)
-10(3)
-65(5)
-47(5)
-27(4)
-19(4)
-33(5)
-35(6)
-33(5)
—45(11)

-127(19)

-8(1)
=21(1)
-36(13)
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A2.11 X-ray Crystal Structure of (u-n**-P)[UN[1-Ad]Ar)s]; (9;-Ps).

Crystals grown from a concentrated diethyl ether solution at —35 °C were coated
with Paratone N oil (Exxon) on a microscope slide. An orange-brown prism was selected
and mounted with wax on a glass fiber. A total of 57712 reflections (-18 0h 018, =31 O
k 049, =22 J1 [122) were collected at 183(2) K in the & range of 1.41 to 25.00 °, of
which 19955 were unique (Riy = 0.0678). The radiation used was Mo-Ka. (A = 0.71073
A, u = 0.465 mm'l). The structure was solved by direct methods (SHELXTL V5.0, G.
M. Sheldrick and Siemens Industrial Automation, Inc., 1995) in conjunction with
standard difference Fourier techniques. Carbon atoms C140 and C141 were refined
isotropically with hydrogen atoms as idealized riding contributions. All other non-
hydrogen atoms were refined anisotropically and the hydrogen atoms were placed in
calculated (dcy = 0.96 A) positions. The structure was found to contain severely
disordered diethyl ether molecules of solvation that could not be reasonably modeled as
discrete molecules. The crystallographic routine SQUEEZE was implemented to obtain
the total residual electron density in the void area of the structure, corresponding to a
value of 370 electrons in an area of 2098.3 A™ (18.3% of the total volume of the unit
cell). Assignment of this electron density to diethyl ether of solvation (42 electrons)
resulted in an average of 2.2 equiv of solvent per molecule of 9,-P4. The final stages of
refinement were preformed against solvent-free modified structure factors obtained from
SQUEEZE. The residual peak and hole electron density were 1.732 and -16.061 e-A~,
respectively. An empirical absorption correction (SADABS) was applied to the
reflection data. The least squares refinement converged normally with residuals of Ry =
0.0980, wR, = 0.2141 based upon I > 201, and GOF = 1.138 (based on Fz)‘ No
significant extinction coefficient was applied to the refinement. Crystal and refinement
data: Formula = C;;2H;4N¢OP4U;; space group, P2i/n; a = 15.6370(13) A, b =
41.909(4) A; ¢ = 18.8439(16) A; o0 =90°; B = 112.399(2) % y=90 %, V = 11417.4(17) A%,
Z = 4; Deaic = 1.274 grem™; F(000) = 4440; R, (based on F) = 0.1117; wR, (based on F?)
=0.2207.

Table A2.11.11: Atomic coordinates [x 10¢] and equivalent isotropic displacement
parameters [A?x 10%] for 9,-Py.

X y z U(eq)
u(l) 13009(1) 1503(1) 3337(1) 22(1)
P(1) 10940(2) 1482(1) 1976(2) 36(1)
N(I) 13528(8) 1394(2) 4591(6) 28(2)
o(1) 11410(30) 1404(11) 7840(30) 250(20)
U(2) 9667(1) 922(1) 2298(1) 23(1)
P(2) 10934(3) 1511(1) 3107(2) 41(1)
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N(2)
P(3)
C(3)
N(@3)
P(4)
C)
N(@)
N(5)
C(6)
N(6)
C(9)
C(13)
C(14)
C(16)
C(17)
C(19)
C(22)
C(23)
C(24)
C(25)
C(26)
CQ7)
C(28)
C(30)
C(32)
C(33)
C(34)
C(35)
C(36)
C(38)
C@39)
C(40)
C(41)
C(42)
C(43)
C(44)
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13884(7)
11578(3)
13748(9)
12889(8)
11576(2)
10783(10)
9190(7)
10031(7)
13336(10)
8614(8)
14751(10)
9311(10)
13952(9)
8543(9)
14575(9)
9637(10)
13922(10)
15482(10)
8318(9)
10464(10)
13999(10)
10349(10)
9841(10)
14200(9)
15672(9)
9774(10)
10507(10)
14000(11)
15101(10)
13128(10)
12637(12)
15540(9)
11522(10)
12055(10)
9343(9)
15324(12)

1316(2)
1045(1)
2242(3)
2036(2)
1023(1)
911(4)
833(2)
446(2)
1526(3)
1220(3)
1708(3)
1358(4)
2406(3)
1358(3)
2023(3)
964(3)
1558(3)
2217(3)
648(3)
138(3)
763(3)
796(3)
433(3)
997(3)
2370(4)
~143(4)
504(3)
553(4)
1160(4)
1650(3)
1803(4)
643(4)
2304(3)
2214(3)
1226(3)
609(4)

2698(6)
3384(2)
3569(7)
3270(7)
2232(2)
~15(9)
1022(6)
2859(6)
5266(8)
2548(7)
2239(8)
4701(8)
2914(8)
3259(8)
4016(8)
526(8)
2168(8)
4330(9)
606(7)
2726(7)
3110(8)
431(7)
3554(8)
2567(8)
3687(9)
2492(9)
4261(8)
1617(9)
4998(8)
1530(9)
4949(9)
2647(10)
3335(9)
2913(8)
3968(7)
5272(9)

25(2)
38(1)
31(3)
35(3)
33(1)
48(4)
28(2)
29(2)
33(3)
33(3)
32(3)
42(4)
303)
30(3)
35(3)
37(3)
323)
40(4)
293)
31(3)
35(3)
373)
32(3)
27(3)
44(4)
45(4)
36(3)
46(4)
39(3)
38(3)
46(4)
43(4)
34(3)
34(3)
31(3)
46(4)




C(45)
C(46)
C(@7)
C(48)
C(49)
C(50)
C(51)
C(54)
C(55)
C(56)
C(57)
C(59)
C(60)
C(62)
C(63)
C(64)
C(66)
C(67)
C(68)
C(69)
C(70)
C(73)
C(74)
C(77)
C(79)
C(80)
C(81)
C(82)
C(83)
C(84)
C(85)
C(86)
C(89)
C(90)
Cco1)
C(92)

10778(11)
9807(13)
9377(11)

15314(10)

13717(10)

13150(11)

14388(11)

11056(12)

13767(10)

11700(10)

14134(9)

13797(9)
7640(10)

12088(11)

14272(9)
9386(12)

10228(11)

15397(11)
9421(12)

12415(15)

15243(9)

15697(11)
7687(13)

15047(12)
8946(10)

15692(11)

14596(10)

11327(10)

11782(10)

13680(11)

10349(10)
8571(12)

13976(11)

10305(10)
8602(10)

11095(12)

196(3)
1375(4)
1262(4)

411(3)

882(3)
1882(4)

560(4)

581(4)

316(4)
2274(4)
1124(3)

821(3)
1264(4)
~198(4)

417(3)
1718(4)
~444(4)
2483(4)

415(4)
1952(4)

982(3)
2096(4)
1779(4)

543(4)

352(3)

905(4)
2699(4)

40(4)
~256(4)
2512(3)
2509(4)
1854(4)
2015(3)

498(4)
1731(3)
-531(4)

2058(8)
~292(10)
171(8)

3164(9)
1728(8)
1029(8)
5085(9)
5694(9)
2138(10)
2150(9)
4803(7)
4849(7)
3351(9)
2584(10)
2980(8)
4703(9)
2349(10)
4872(9)
4861(10)
5590(11)
2762(9)
1812(10)
4096(12)
1827(10)
3496(8)
5240(9)
4431(8)
3422(8)
3259(9)
4113(9)
2213(11)
4019(10)
1132(10)
4915(8)
3279(9)
3052(10)

39(3)
52(4)
43(4)
40(3)
34(3)
43(4)
42(4)
54(4)
45(4)
393)
313)
31(3)
45(4)
47(4)
34(3)
50(4)
49(4)
43(4)
48(4)
65(5)
35(3)
50(4)
62(5)
50(4)
37(3)
46(4)
37(3)
37(3)
44(4)
41(4)
49(4)
52(4)
44(4)
37(3)
38(3)
50(4)
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C(94)
C(95)

C(96)

C(98)

C(100)
C(101)
C(102)
C(103)
C(109)
C(115)
C(118)
C(122)
C(124)
C(125)
C(126)
C(127)
C(128)
C(129)
C(130)
C(131)
C(132)
C(133)
C(134)
C(135)
C(136)
C(137)
C(138)
C(139)
C(140)
C(141)
C(142)
C(143)
C(144)
C(145)
C(146)
C(147)
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12261(14)
8747(10)
13534(16)
14805(10)
10520(12)
8400(11)
14861(10)
14795(12)
12892(11)
11999(16)
7588(10)
10849(10)
12656(12)
11586(11)
6845(11)
6668(9)
5436(12)
6334(10)
10665(11)
7276(11)
7740(11)
7561(10)
8490(10)
6822(11)
7091(11)
7977(10)
8307(10)
7046(8)
6457(9)
7986(8)
14216(12)
13998(13)
7588(11)
13310(20)
9534(16)
10110(14)

1974(5)
342(4)
1570(6)
1927(3)
1211(5)
1265(5)
2586(3)
2857(3)
1287(4)
1713(5)
1409(4)
2419(3)
1448(5)
737(4)
385(4)
663(4)
1368(4)
543(4)
2456(4)
44(4)
1773(3)
856(3)
362(4)
1680(3)
325(4)
516(3)
1619(3)
1301(3)
1444(3)
1376(3)
1653(5)
235(4)

- 174(3)

2085(5)
1701(4)
2543(5)

368(10)
4174(9)
6867(9)
1723(9)
~373(9)
4771(9)
3233(8)
3765(8)
5616(9)
5947(12)
4081(8)
1765(9)
6265(10)
~111(11)
~785(9)
—334(8)

506(10)

279(9)
2990(10)

389(9)

862(9)

45(9)

153(8)

560(9)

827(9)
1207(8)
1512(8)
1544(7)

884(8)
1866(7)
5888(9)
5132(11)
~237(9)
6178(13)
—652(13)
3462(12)

70(6)
44(4)
75(6)
35(3)
55(5)
60(5)
35(3)
42(4)
41(4)
73(6)
47(4)
38(3)
55(4)
55(4)
53(4)
42(4)
60(5)
45(4)
48(4)
47(4)
39(3)
39(3)
41(3)
44(4)
42(4)
35(3)
33(3)
24(3)
31(3)
212)
56(5)
55(4)
44(4)
93(9)
75(6)
70(6)




C(148)
C(149)
C(150)
C(151)
C(152)
C(153)
C(154)
C(201)
C(202)
C(203)
C(204)

13967(15)

8076(15)
16719(12)

7776(11)
10504(14)
10471(12)
11224(12)
12890(30)
11910(50)
10400(30)

9720(40)

1809(6)
2042(4)
961(5)
258(5)
~379(4)
2491(5)
~106(4)
1506(12)
1655(10)
1520(15)
1440(15)

6517(10)

503(12)
5457(14)
4116(11)
1673(11)

938(10)
1880(10)
8900(20)
8240(40)
7170(30)
7210(30)

Table A2.11.2: Bond lengths [A] and angles [°] for 9,-P;.

U(1)-N(1)
U(1)-N(@3)
U(1)-N(2)
U(1)-P@3)
U(1)-C(22)
U(1)-P(2)
U(1)-P(4)
U(1)-P(1)
P(1)-P(4)
P(1)-P(2)
P(1)-U(2)
N(1)-C(57)
N(1)-C(6)
O(1)-C(202)
O(1)-C(203)
U(2)-N(5)
U(2)-N@4)
U(2)-N(6)
UR2)-P(3)
U(2)-C(28)
U(2)-P(4)

2.233(11)
2.241(10)
2.278(10)
2.975(4)
3.055(13)
3.107(4)
3.138(4)
3.277(4)
2.137(5)
2.138(6)
3.281(4)
1.432(17)
1.518(17)
1.36(6)
1.67(6)
2.229(10)
2.260(11)
2.256(11)
2.953(4)
3.065(13)
3.064(3)

U(2)-P(2)
P(2)-P(3)
N(2)-C(22)
N(2)-C(30)
P(3)-P(4)
C(3)-N(3)
C(3)-C(17)
C(3)-C(14)
C(3)-C(84)
N(3)-C(42)
C(4)-C(27)
C(4)-C(100)
C(4)-C(125)
N(4)-C(19)
N(4)-C(24)
N(5)-C(28)
N(5)-C(25)
C(6)-C(109)
C(6)-C(39)
C(6)-C(142)
N(6)-C(141)

72(6)
67(5)
78(7)
59(5)
60(5)
60(5)
50(4)
148(15)
190(30)
220(30)
220(20)

3.166(4)
2.168(6)
1.440(16)
1.479(16)
2.171(5)
1.515(17)
1.55(2)
1.546(18)
1.555(18)
1.427(18)
1.352)
1.41(3)
1.52(2)
1.469(18)
1.504(17)
1.451(17)
1.520(16)
1.506(18)
1.55(2)
1.52(2)
1.443(16)
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N(6)-C(16)
C(9)-C(98)
C(9)-C(22)
C(13)-C(43)
C(13)-C(64)
C(13)-C(101)
C(14)-C(102)
C(16)-C(43)
C(16)~C(60)
C(16)-C(91)
C(17)-C(23)
C(19)-C(27)
C(19)-C(47)
C(22)-C(38)
C(23)-C(32)
C(23)-C(67)
C(24)-C(133)
C(24)-C(137)
C(24)-C(134)
C(25)-C(82)
C(25)-C(45)
C(25)-C(33)
C(26)-C(30)
C(26)-C(63)
C(28)-C(34)
C(28)-C(79)
C(30)-C(70)
C(30)-C(49)
C(32)-C(102)
C(33)-C(66)
C(34)-C(90)
C(35)-C(49)
C(35)-C(77)
C(35)-C(55)
C(36)-C(80)
C(36)-C(57)
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1.501(17)
1.362(18)
1.402(19)
1.507(19)
1.51(2)
1.53(2)
1.518(19)
1.543(19)
1.536(18)
1.567(19)
1.544(19)
1.39(2)
1.40(2)
1.41(2)
1.50(2)
1.55(2)
1.526(18)
1.527(19)
1.554(18)
1.537(18)
1.535(19)
1.54(2)
1.532(18)
1.559(18)
1.374(19)
1.40(2)
1.530(17)
1.545(19)
1.53(2)
1.52(2)
1.39(2)
1.49(2)
1.53(2)
1.54(2)
1.37(2)
1.421(19)

C(38)-C(50)
C(39)-C(69)
C(40)-C(77)
C(40)-C(48)
C(40)-C(70)
C(41)-C42)
C(41)~C(130)
C(42)-C(56).
C(44)-C(80)
C@4)-C(51)
C(45)-C(154)
C(46)-C(100)
C(46)-C(47)
C(46)-C(146)
C(48)-C(63)
C(50)-C(89)
C(50)-C(94)
C(51)~-C(59)
C(51)-C(143)
C(54)-C(90)
C(55)-C(63)
C(56)-C(122)
C(57)-C(59)
C(60)-C(118)
C(62)—C(83)
C(62)-C(154)
C(64)-C(86)
C(66)—C(152)
C(66)-C(92)
C(67)-C(81)
C(68)-C(95)
C(68)-C(90)
C(69)-C(115)
C(69)~-C(145)
C(73)-C(98)
C(74)-C(86)

1.372)
1.51Q2)
1.50Q2)
1.51(2)
1.536(19)
1.406(19)
1.40(2)
1.352)
1.38(2)
1.382)
1.54(2)
1.37(2)
1.37(2)
1.51(2)
1.532(19)
1.35Q2)
1.52(2)
1.392)
1.512)
1.53(2)
1.54(2)
1.39(2)
1.390(19)
1.53(2)
1.54(2)
1.54(2)
1.54(2)
1.52(2)
1.54(2)
1.51(2)
1.36(2)
1.39(2)
1.49(3)
1.523)
1.515(19)
1.48(3)




C(74)-C(118)
C(79)-C(95)
C(80)-C(150)
C(81)-C(103)
C(81)-C(84)
C(82)-C(83)
C(83)-C(92)
C(85)-C(130)
C(85)-C(122)
C(86)-C(91)
C(89)-C(98)
C(95)-C(151)
C(96)-C(124)
C(96)—-C(148)
C(101)-C(118)
C(102)-C(103)
C(109)-C(124)
C(115)-C(124)
C(122)-C(153)
C(126)-C(144)
C(126)-C(127)
C(127)-C(129)
C(127)-C(133)
C(128)-C(140)
C(129)-C(136)
C(130)-C(147)
C(131)-C(136)
C(131)-C(144)
C(132)-C(138)
C(132)-C(135)
C(132)-C(149)
C(134)-C(144)
C(135)-C(140)
C(136)-C(137)
C(138)-C(141)
C(139)-C(140)

1.56(2)
1.43(2)
1.52(2)
1.55(2)
1.54(2)
1.52(2)
1.52(2)
1.37(2)
1.40(2)
1.51(2)
1.40(2)
1.52(2)
1.50(3)
1.50(3)
1.55(2)
1.542(19)
1.56(2)
1.48(3)
1.47(2)
1.51(2)
1.53(2)
1.53(2)
1.53(2)
1.51(2)
1.54(2)
1.51(2)
1.53(2)

1.54(2)

1.37(2)
1.39(2)
1.51(2)
1.54(2)
1.39(2)
1.52(2)
1.412(18)
1.369(18)

C(139)-C(141)
C(142)-C(148)
C(145)—C(148)
C(152)-C(154)
C(201)-C(202)
C(203)-C(204)

N(1)-U(1)-N(3)
N(1)-U(1)-N(2)
N3)-U(1)-N(2)
N(1)-U(1)-P(3)
N(3)-U(1)-P(3)
N(2)-U(1)-P(3)
N(1)-U(1)-C(22)
N(3)-U(1)-C(22)
N(2)-U(1)-C(22)
P(3)-U(1)-C(22)
N(1)-U1)-P(2)
N@)-U(1)-P(2)
N@2)-U(1)-P(2)
P(3)-U(1)-P(2)
C(22)-U(1)-P(2)
N(1)-U(1)-P4)
N@3)-U(1)-P@4)
N(©2)-U(1)-P4)
P(3)-U(1)-P(4)
C(22)-U(1)-P(4)
P(2)-U(1)-P(4)
N(D)-U(1)-P(1)
N(3)-U(1)-P(1)
N(2)-U(1)-P(1)
P(3)-U(1)-P(1)
C(22)-U(1)-P(1)
P(2)-U(1)-P(1)
P(4)-U(1)-P(1)
P(4)-P(1)-P(2)

1.395(16)

1.53(2)
1.52(3)
1.55(2)
1.67(7)
1.15(5)

104.6(4)
116.1(4)
111.5(4)
79.1(3)
126.6(3)
113.8(3)
134.2(4)
86.3(4)
26.6(3)
129.3(3)
95.1(3)
85.5(3)
137.3(3)
41.69(11)
130.4(3)
116.8(3)
125.3(3)
81.3(3)
41.50(10)
88.9(3)
58.00(9)
132.5(3)
86.8(3)
101.0(3)
58.43(10)
91.8(3)
39.03(11)
38.84(10)
90.2(2)
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P(4)-P(1)-U(1)
P(2)-P(1)-U(1)
P(4)-P(1)-U(2)
P(2)-P(1)-U(2)
U(1)-P(1)-U(2)
C(57)-N(1)-C(6)
C(57)-N(1)-U(1)
C(6)-N(1)=U(1)
C(202)-0(1)-C(203)
N(5)-U(2)-N(4)
N(5)-U(2)-N(6)
N(4)-U(2)-N(6)
N(5)-U(2)-P(3)
N(4)-U(2)-P(3)
N(6)-U(2)-P(3)
N(5)-U(2)-C(28)
N(4)-U(2)-C(28)
N(6)-U(2)-C(28)
P(3)-U(2)-C(28)
N(5)-U(2)-P4)
N4)-U(2)-P4)
N(6)-U(2)-P(4)
P(3)-U(2)-P(4)
C(28)-U(2)~P(4)
N(5)-U(2)-P(2)
N(4)-U(2)-P(2)
N(6)-U(2)-P(2)
P(3)-U(2)-P(2)
C(28)-U(2)-P(2)
P(4)-U(2)-P(2)
N(5)-U(2)-P(1)
N(4)-U@2)-P(1)
N(6)~U(2)-P(1)
P(3)-U(2)-P(1)
C(28)-U(2)-P(1)
P(4)-U(2)-P(1)
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67.07(13)
66.19(14)
64.94(13)
67.76(14)
111.19(11)
112.0(10)
113.0(8)
134.8(8)
112(5)
106.2(4)
118.1(4)
110.0(4)
79.6(3)
127.1(3)
112.7(3)
26.2(4)
127.4(4)
93.7(4)
79.2(3)
93.8(3)
84.9(3)
137.1(3)
42.25(10)
108.8(3)
118.0(3)
122.2(3)
80.8(3)
41.31(11)
107.1(3)
58.12(9)
131.8(3)
84.2(3)
100.7(3)
58.58(10)
137.8(3)
39.18(10)

P2)-UQ2)-P(1)
P(1)-P(2)-P(3)
P(1)-P(2)-U(1)
PG)-P(2)-U(1)
P(D-P(2)-U(2)
PR)-P2)-U2)
U(1)-P2)-UQ2)
C(22)-N(2)-C(30)
C(22)-N(2)-U(1)
C(30)-N(2)-U(1)
P(2)-P(3)-P(4)
P2)-P(3)-U(2)
P(4)-P(3)-U(2)
P(2)-P(3)-U(1)
P(4)-P(3)-U(1)
U@2)-P(G3)-U(1)
N(3)-C(3)-C(17)
N(3)-C(3)-C(14)
C(17)-C(3)-C(14)
N(3)-C(3)-C(84)
C(17)-C(3)-C(84)
C(14)-C(3)-C(84)
C(42)-N(3)-C(3)
C(42)-N(3)-U(1)
CR)-NG)-U®1)
P(1)-P(4)-P(3)
P(1)-P(4)-U(2)
PR)-P4)-U(2)
P(D)-P(4)-U(1)
P@R)-P4)-U(1)
U(2)-P4)-U(1)
C(27)-C(4)-C(100)
C(27)-C(4)-C(125)
C(100)-C(4)-C(125)
C(19)-N(4)-C(24)
C(19-N(4)-U(2)

38.69(10)
90.7(2)
74.78(14)
65.90(14)
73.54(14)
64.05(14)
119.18(12)
114.6(10)
108.4(8)
134.9(8)
88.5(2)
74.64(15)
71.62(14)
72.41(14)
73.27(14)
131.76(13)
107.6(11)
112.3(11)
108.3(10)
112.7(11)
109.0(11)
106.9(11)
113.5(10)
126.1(9)
120.3(8)
90.6(2)
75.89(14)
66.13(13)
74.09(14)
65.23(13)
121.45(11)
119.4(15)
122.3(16)
118.2(15)
114.7(10)
124.8(8)




C(24)-N(4)-U(2)
C(28)-N(5)-C(25)
C(28)-N(5)-U(2)
C(25)-N(5)-U(2)
N(1)-C(6)-C(109)
N(1)-C(6)-C(39)
C(109)-C(6)-C(39)
N(1)—C(6)-C(142)
C(109)-C(6)-C(142)
C(39)-C(6)-C(142)
C(141)-N(6)-C(16)
C(141)-N(6)-U(2)
C(16)-N(6)-U(2)
C(98)-C(9)-C(22)
C(43)-C(13)-C(64)
C(43)-C(13)-C(101)
C(64)-C(13)-C(101)
C(102)-C(14)-C(3)
N(6)-C(16)-C(43)
N(6)—-C(16)—C(60)
C(43)-C(16)-C(60)
N(6)-C(16)-C(91)
C(43)-C(16)-C(91)
C(60)-C(16)-C(91)
C(23)-C(17)-C(3)
CQ27)-C(19)-C(47)
C(27)-C(19)-N(4)
C(47)-C(19)-N(4)
C(38)-C(22)-C(9)
C(38)-C(22)-N(2)
C(9)-C(22)-N(2)
C(38)-C(22)-U(1)
C(9)-C(22)-U(1)
N(2)-C(22)-U(1)
C(32)-C(23)-C(17)
C(32)-C(23)-C(67)

120.4(8)
112.0(10)
111.0(8)
136.9(8)
113.4(11)
106.6(11)
107.0(12)
111.2(11)
109.0(13)
109.4(13)
111.3(10)
111.6(8)
135.1(8)
122.8(14)
109.8(13)
110.0(11)
109.2(14)
110.6(11)
108.9(10)
112.7(11)
106.7(11)
112.4(11)
108.4(11)
107.5(11)
110.5(11)
119.4(14)
119.6(13)
121.0(13)
116.1(12)
121.8(12)
122.1(12)
97.7(9)
129.4(9)
45.0(6)
110.6(12)
108.5(12)

C(17)-C(23)-C(67)
N(4)-C(24)-C(133)
N(4)-C(24)-C(137)
C(133)-C(24)-C(137)
N(4)-C(24)-C(134)
C(133)-C(24)-C(134)
C(137)-C(24)-C(134)
N(5)-C(25)-C(82)
N(5)-C(25)-C(45)
C(82)-C(25)—C(45)
N(5)-C(25)-C(33)
C(82)-C(25)~C(33)
C(45)-C(25)-C(33)
C(30)-C(26)-C(63)
C(19)-C(27)-C4)
C(34)—C(28)—C(79)
C(34)-C(28)-N(5)
C(79)-C(28)-N(5)
C(34)-C(28)-U(2)
C(79)-C(28)-U(2)
N(5)-C(28)-U(2)
N(2)-C(30)-C(26)
N(2)-C(30)-C(70)
C(26)-C(30)-C(70)
N(2)-C(30)—C(49)
C(26)-C(30)-C(49)
C(70)-C(30)—C(49)
C(23)-C(32)-C(102)
C(66)-C(33)-C(25)
C(28)-C(34)-C(90)
C(49)-C(35)-C(77)
C(49)-C(35)-C(55)
C(77)-C(35)—C(55)
C(80)-C(36)-C(57)
C(50)-C(38)-C(22)
C(69)-C(39)-C(6)

109.5(13)
112.0(11)
107.7(10)
108.9(12)
111.9(11)
108.1(11)
108.2(11)
112.8(11)
107.6(10)
106.9(11)
112.8(11)
109.3(11)
107.1(11)
110.6(11)
121.1(14)
119.6(13)
121.7(13)
118.7(12)
114.5(9)
108.0(9)
42.7(5)
107.4(10)
112.9(10)
106.5(11)
112.8(11)
109.9(11)
107.1(11)
109.2(11)
111.2(12)
120.9(14)
109.7(13)
110.7(12)
107.9(13)
121.3(14)
122.4(14)
110.1(13)
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C(77)-C(40)-C(48)
C(77)-C(40)-C(70)
C(48)—C(40)—C(70)
C(42)-C(41)-C(130)
C(56)-C(42)-C(41)
C(56)-C(42)-N(3)
C(41)-C(42)-N(3)
C(13)-C(43)-C(16)
C(80)—C(44)-C(51)
C(25)-C(45)-C(154)
C(100)-C(46)—-C(47)
C(100)—C(46)—C(146)
C(47)-C(46)-C(146)
C(46)-C(47)-C(19)
C(40)—-C(48)-C(63)
C(35)-C(49)-C(30)
C(89)-C(50)-C(38)
C(89)-C(50)-C(94)
C(38)-C(50)-C(94)
C(44)-C(51)-C(59)
C(44)-C(51)-C(143)
C(59)-C(51)-C(143)
C(35)-C(55)-C(63)
C(42)-C(56)-C(122)
C(59)-C(57)-C(36)
C(59)-C(57)-N(1)
C(36)-C(57)-N(1)
C(51)-C(59)-C(57)
C(118)-C(60)—-C(16)
C(83)-C(62)-C(154)
C(48)—C(63)—C(55)
C(48)-C(63)-C(26)
C(55)-C(63)-C(26)
C(13)-C(64)-C(86)
C(152)-C(66)-C(33)
C(152)-C(66)—C(92)
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109.3(13)
109.9(13)
110.3(12)
122.0(14)
117.3(13)
121.9(13)
120.5(12)
111.3(11)
122.6(14)
111.1(12)
121.0(16)
120.4(16)
118.3(17)
119.2(15)
109.5(12)
112.1(12)
118.0(14)
122.6(15)
119.4(16)
118.4(14)
122.0(14)
119.6(14)
109.1(12)
124.0(14)
118.1(12)
120.9(12)
121.0(12)
121.1(13)
111.4(12)
107.6(12)
108.3(12)
108.1(12)
110.8(11)
109.1(13)
107.6(13)
109.1(14)

C(33)-C(66)-C(92)
C(81)-C(67)-C(23)
C(95)-C(68)-C(90)
C(115)-C(69)-C(39)
C(115)-C(69)-C(145)
C(39)-C(69)-C(145)
C(40)-C(70)-C(30)
C(86)-C(74)~C(118)
C(40)-C(77)-C(35)
C(28)-C(79)-C(95)
C(44)-C(80)-C(36)
C(44)-C(80)-C(150)
C(36)-C(80)-C(150)
C(67)-C(81)-C(103)
C(67)-C(81)-C(84)
C(103)-C(81)-C(84)
C(83)-C(82)-C(25)
C(82)-C(83)-C(92)
C(82)-C(83)-C(62)
C(92)-C(83)-C(62)
C(81)-C(84)-C(3)
C(130)-C(85)-C(122)
C(74)-C(86)-C(91)
C(74)-C(86)-C(64)
C(91)-C(86)-C(64)
C(50)-C(89)-C(98)
C(34)-C(90)-C(68)
C(34)-C(90)-C(54)
C(68)-C(90)-C(54)
C(86)-C(91)-C(16)
C(83)-C(92)-C(66)
C(68)-C(95)-C(79)
C(68)-C(95)-C(151)
C(79)-C(95)-C(151)
C(124)-C(96)-C(148)
C(9)-C(98)-C(89)

111.2(14)
109.2(12)
121.1(14)
111.0(15)
110.9(17)
107.9(17)
110.8(10)
107.4(13)
109.7(12)
119.2(13)
118.4(15)
122.9(15)
118.7(15)
108.7(12)
111.2(12)
110.2(11)
111.9(12)
109.4(12)
110.9(12)
108.6(13)
109.8(11)
122.8(14)
112.4(14)
110.3(16)
110.0(13)
123.4(13)
119.7(13)
119.9(14)
120.4(14)
109.9(12)
110.1(12)
119.5(14)
120.8(14)
119.7(15)
109.4(14)
117.1(13)




C(9)-C(98)-C(73)
C(89)-C(98)-C(73)
C(46)-C(100)-C(4)
C(13)-C(101)-C(118)
C(14)-C(102)—C(32)
C(14)-C(102)-C(103)
C(32)-C(102)-C(103)
C(102)-C(103)-C(81)
C(6)—C(109)-C(124)
C(124)-C(115)-C(69)
C(60)-C(118)-C(101)
C(60)-C(118)-C(74)
C(101)-C(118)—-C(74)
C(56)-C(122)-C(85)
C(56)-C(122)-C(153)
C(85)-C(122)-C(153)
C(115)-C(124)-C(96)
C(115)-C(124)-C(109)
C(96)-C(124)—C(109)
C(144)-C(126)-C(127)
C(126)-C(127)-C(129)
C(126)-C(127)-C(133)
C(129)-C(127)-C(133)
C(127)-C(129)-C(136)
C(85)-C(130)-C(41)
C(85)-C(130)-C(147)
C(41)-C(130)-C(147)
C(136)-C(131)-C(144)
C(138)-C(132)-C(135)
C(138)-C(132)-C(149)

122.7(15)
120.0(12)
119.7(15)
108.6(14)
112.2(11)
109.9(11)
108.6(12)
107.3(11)
110.1(13)
109.5(17)
107.0(13)
111.8(14)
109.2(14)
116.5(14)
124.1(15)
119.4(15)
110.2(18)
110.0(14)
108.6(14)
108.6(12)
110.9(14)
109.6(12)
109.6(11)
107.8(12)
117.5(14)
122.4(16)
120.1(16)
108.8(13)
116.8(14)
122.4(15)

C(135)-C(132)-C(149)
C(24)-C(133)-C(127)
C(144)-C(134)-C(24)
C(132)-C(135)—C(140)
C(131)-C(136)-C(137)
C(131)-C(136)—C(129)
C(137)-C(136)—C(129)
C(24)-C(137)—C(136)
C(132)-C(138)-C(141)
C(140)-C(139)-C(141)
C(139)-C(140)—C(135)
C(139)-C(140)—C(128)
C(135)-C(140)-C(128)
C(139)-C(141)-C(138)
C(139)-C(141)-N(6)
C(138)—C(141)-N(6)
C(148)-C(142)-C(6)
C(126)-C(144)—C(134)
C(126)-C(144)-C(131)
C(134)-C(144)-C(131)
C(148)-C(145)—-C(69)
C(145)-C(148)—C(96)
C(145)-C(148)-C(142)
C(96)—C(148)-C(142)
C(66)—C(152)~C(154)
C(45)-C(154)~C(152)
C(45)-C(154)-C(62)
C(152)-C(154)-C(62)
0(1)-C(202)-C(201)
C(204)-C(203)-0(1)

120.7(14)
110.5(12)
109.7(12)
123.6(13)
109.5(12)
110.6(13)
109.5(12)
110.7(12)
122.5(13)
122.0(11)
117.5(12)
123.9(13)
118.5(13)
117.5(11)
122.2(11)
120.3(11)
108.9(14)
110.7(13)
110.3(14)
108.5(12)
108.2(16)
110.2(19)
109.5(16)
110.2(17)
109.5(14)
108.5(13)
109.9(13)
110.3(14)
107(4)

120(4)
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Table A2.11.3: Anisotropic displacement parameters (A” x 10°) for 9,-P,.

Ul 1 U22 U33 U23 U13 U12
uQ)  22(D) 22(1) 24(1) ~1(1) 10(1) —1(1)
P(1)  29(2) 32(2) 41(2) 42) 8(2) ~6(2)
N(1)  37(6) 17(5) 32(6) ~3(4) 14(5) 1(5)
O(1) 320(50)  250(50)  270(50)  90(40)  230(40)  40(40)
UuQ) 21 24(1) 24(1) 0(1) 9(1) 0(1)
PQ2)  33(2) 42(2) 56(2) ~19(2) 25(2) ~12(2)
NQ2)  23(5) 23(5) 28(6) ~2(4) 9(4) —4(4)
P(3) 3102 42(2) 36(2) 8(2) 6(2) ~112)
C(3)  36(7) 34(8) 27(7) —4(6) 16(6) —4(6)
N@G3)  49(7) 17(5) 45(7) ~1(5) 25(6) ~1(5)
P@) 272 31(2) 43(2) ~112) 15(2) -2(1)
C@)  33(8) 74(12) 33(8) ~8(8) 8(7) ~11(8)
N@)  28(6) 26(6) 33(6) ~1(5) 14(5) 2(5)
NG)  26(6) 20(5) 37(6) 3(5) 7(5) 2(4)
C6)  47(8) 21(7) 37(8) 2(6) 24(7) ~8(6)
N®6)  29(6) 32(6) 38(6) ~3(5) 12(5) 5(5)
CO)  45(8) 18(6) 40(8) —4(6) 25(7) -3(6)
C(13)  26(7) 59(10) 34(8) —9(7) 5(6) —4(T)
C(14)  41(8) 14(6) 35(7) ~1(5) 15(6) 7(5)
C(16)  28(7) 29(7) 38(8) ~7(6) 17(6) ~2(6)
C(17)  38(8) 39(8) 31(7) 5(6) 16(6) ~9(6)
C(19)  39(8) 34(8) 35(8) ~11(6) 12(6) 2(6)
C(22) 47(8) 19(6) 34(7) -2(5) 21(6) ~2(6)
C(23) 41(8) 26(7) 41(8) 4(6) 0(7) 2(6)
C@4) 37(7) 24(7) 23(6) 2(5) 7(6) 10(6)
C(25) 41(8) 22(7) 29(7) 7(5) 13(6) 7(6)
C(26)  44(8) 21(7) 46(8) —6(6) 25(7) —3(6)
C@27) 5109 36(8) 21(7) 6(6) 10(6) 10(7)
C(28)  39(8) 25(7) 35(7) 9(6) 14(6) 7(6)
C(30) 28(7) 26(7) 37(7) ~3(5) 22(6) ~1(5)
C(32) 2107 57(10) 54(9) —33(8) 14(7) —6(7)
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C(33)
C(34)
C(35)
C(36)
C(38)
C(39)
C(40)
C41)
C42)
C(43)
C44)
C(45)
C(46)
C47)
C(48)
C49)
C(50)
C(51)
C(54)
C(55)
C(56)
C(57)
C(59)
C(60)
C(62)
C(63)
C(64)
C(66)
C(67)
C(68)
C(69)
C(70)
C(73)
C(74)
C(7)
C(79)

37(8)
35(8)
54(10)
35(8)
41(8)
70(11)
21(7)
38(8)
35(8)
24(7)
58(10)
50(9)
67(11)
55(10)
41(8)
41(8)
59(10)
48(9)
58(11)
36(8)
36(8)
33(7)
30(7)
25(7)
42(9)
36(8)
48(9)
46(9)
48(9)
62(11)
102(16)
28(7)
51(10)
62(11)
72(12)
38(8)

48(9)
34(8)
42(9)
36(8)
26(7)
38(9)
38(8)
24(7)
28(7)
37(8)
36(9)
28(7)
40(9)
40(9)
33(8)
27(7)
44(9)
32(8)
53(11)
31(8)
40(8)
37(8)
34(8)
72(11)
38(9)
30(7)
52(10)
27(8)
46(9)
42(9)
46(10)
24(7)
55(10)
47(10)
32(8)
34(8)

52(10)
30(7)
43(9)
41(8)
56(9)
36(8)

77(12)
44(8)
35(8)
31(7)
49(9)
40(8)
51(10)
35(8)
53(9)
38(8)
24(7)
45(9)

46(10)

72(11)
43(9)
23(7)
27(7)
41(9)

64(11)
37(8)
41(9)

72(12)
36(8)

49(10)

63(12)
60(9)

60(11)

74(13)

68(11)
33(7)

22(7)
3(6)
=7(7)
17(7)
-14(7)
4(7)
=3(8)
3(6)
3(6)
—2(6)
14(7)
-1(6)
8(8)
0(7)
0(7)
~2(6)
2(6)
5(7)
9(8)
-10(7)
-5(7)
4(6)
1(6)
—8(8)
1(8)
10(6)
-11(7)
1(7)
=3(7)
2(7)
-11(9)
=5(6)
-3(8)
-22(9)
0(8)
3(6)

20(7)
4(6)
21(8)
8(6)
30(7)
27(8)
26(7)
20(7)
8(6)
10(6)
25(8)
18(7)
25(9)
18(7)
27(7)
20(6)
15(7)
16(7)
13(8)
25(8)
18(7)
10(6)
7(6)
17(7)
25(8)
14(6)
6(7)
18(8)
17(7)
32(9)
50(12)
23(7)
38(9)
23(10)
51(10)
8(6)

)
0(6)
6(7)
4(6)
0(6)
22(8)
—3(6)
6(6)
0(6)
~11(6)
14(7)
=5(7)
=5(8)
-6(7)
6(6)
-5(6)
13(8)
4(7)
-2(8)
4(6)
—5(6)
3(6)
0(6)
-5(7)
3(7)
5(6)
9(8)
—6(7)
—11(7)
8(8)
21(10)
—6(6)
~19(8)
20(9)
12(8)
2(6)
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C(80)
C(81)
C(82)
C(83)
C(84)
C(85)
C(86)
C(89)
C(90)
C(o1)
C(92)
C(94)
C(95)
C(96)
C(98)
C(100)
C(101)
C(102)
C(103)
C(109)
C(115)
C(118)
C(122)
C(124)
C(125)
C(126)
C(127)
C(128)
C(129)
C(130)
C(131)
C(132)
C(133)
C(134)
C(135)
C(136)
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46(9)

- 40(8)

40(8)
32(8)
62(10)
29(8)
59(11)
65(11)
39(8)
35(8)
76(12)
69(13)
37(8)
101(16)
52(9)
52(10)
47(10)
40(8)
58(10)
48(9)
102(16)
25(7)
36(8)
59(11)
44(9)
4309)
25(7)
55(11)
25(7)
48(9)
46(9)
48(9)
43(8)
45(9)
50(9)
52(9)

42(9)
42(8)
43(8)
52(10)
34(8)
34(8)
34(9)
34(8)
44(9)
38(8)
24(8)
87(15)
50(9)
106(17)
19(6)
82(13)
110(16)
33(8)
21(7)
38(8)
72(14)
87(13)
30(8)
66(12)
62(11)
70(12)
61(10)
53(11)
61(10)
47(10)
43(9)
32(8)
24(7)
38(8)
32(8)
34(8)

50(9)
30(7)
27(7)
41(8)
44(9)
78(12)
58(10)
65(11)
23(7)
44(8)
58(10)
45(10)
56(10)
19(8)
58(9)
34(9)
38(9)
36(8)
42(8)
42(9)

71(13)

29(8)
44(8)
55(11)
64(11)
35(8)
22(7)
51(10)
46(9)
57(11)
40(9)
43(8)
42(8)
35(8)
46(9)
54(9)

9(7)
~11(6)
8(6)
8(7)
~5(7)
-5(8)
=7(7)
16(7)
2(6)
=5(7)
~2(7)
5(10)
11(8)
0(9)
4(6)
~1(8)
~33(10)
~3(6)
~12(6)
2(7)
—25(11)
~16(8)
~6(6)
11(9)
~9(9)
~22(8)
~16(7)
6(8)
~26(8)
~11(8)
=5(7)
13(6)
-1(6)
~10(6)
3(7
~10(7)

18(8)
14(6)
12(6)
4(T)
39(8)
14(8)
16(9)
61(9)
5(6)
18(7)
35(9)
11(9)
30(8)
22(9)
50(8)
19(8)
34(8)
19(6)
15(7)
22(7)

62(13)

12(6)
8(7)
37(9)
26(9)
2(7)
—9(6)
~2(8)
10(7)
31(8)
3(7)
26(7)
10(7)
11(7)
12(7)
35(8)

12(7)
~10(7)
~10(7)

9(7)

5(7)

8(6)

16(8)

8(7)

27)

7(6)

2(8)
27(11)
~2(7)
26(13)

4(6)
~7(9)

~15(10)
~10(6)
~14(7)

-6(7)

~13(12)
~15(8)
~7(6)

9(9)
-3(8)
-7(8)

97)

19(9)
~11(7)

0(8)
~1(7)

18(7)

5(6)

1(7)
33(7)

3(7)




C(137)
C(138)
C(139)
C(142)
C(143)
C(144)
C(145)
C(146)
C(147)
C(148)
C(149)
C(150)
C(151)
C(152)
C(153)
C(154)
C(201)
C(202)
C(203)
C(204)

42(8)
44(8)
20(6)
61(11)
61(11)
51(9)
180(30)
101(16)
65(12)
87(15)
81(14)
35(10)
31(9)
81(13)
41(9)
71(11)
110(20)
320(80)
120(30)
150(40)

30(7)
25(7)
15(6)
66(12)
35(9)
31(8)
55(13)
36(10)
70(13)
97(17)
41(10)
74(14)
82(14)
38(9)
70(12)
41(9)
200(40)
90(30)
350(70)
280(70)

40(8)
35(7)
35(7)
40(9)
69(12)
43(9)
73(15)
99(16)
87(15)
30(9)
75(13)
127(19)
71(12)
56(11)
60(11)
57(10)
140(30)
230(60)
220(50)
220(60)

—8(6)
~9(6)
8(5)
~23(8)
11(8)
-30(7)
~35(12)
28(10)
~5(11)
—27(10)
14(9)
30(13)
5(10)
-6(8)
29(9)
~7(8)
~40(30)
20(30)
210(50)
80(50)

23(7)
21(6)
11(5)
17(8)
26(9)
10(7)

84(17)

52(14)

44(11)
20(9)

26(11)

32(11)
28(9)
19(10)
9(8)
46(9)

50(20)

190(60)

80(30)

80(40)

4(6)
=5(6)
0(5)
~22(9)
8(8)
=9(7)
~43(16)
12(10)
12(10)
—33(13)
0(9)
7(9)
-5(8)
59)
=2(9)
1(8)
~20(30)
0(40)
70(40)
0(40)
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Appendix 3: Protocol for use of uranium (**U) in the Cummins group

After a member of the Cummins group successfully completes their departmental
safety training, they must also complete a training session with the Environmental Health
and Safety (EHS) office if they wish to work with or near uranium; if a student works in
lab 6-327 daily, they must have EHS training. Below is listed the protocol for training,
use, and disposal of uranium in the Cummins lab 6-327.

1.  Training

a. After the group’s safety officer has trained the new group member in
general safety protocol, the group member must contact the EHS office to
schedule radiation safety training. The Cummins group contact in EHS is
Dr. William B. McCarthy, who can be contacted at (617) 253-0346 or via
email at wbm@mit.edu

b. The radiation safety training session lasts for approximately one hour.
During this time, the group member will be trained in safe use and
disposal practices including the use of a Geiger counter.

2. Use

a. Use of uranium must be limited to the glovebox and hoods in lab 6-327.

b. Transportation of, for example, NMR tubes containing solutions of
uranium compounds must take place in secondary containment. No
restrictions exist for use of sealed containers of uranium compounds in the
department’s spectroscopy lab.

c. If samples of a uranium compound must be sent for elemental analysis, H.,
Kolbe Mikroanalytisches Laboratorium in Miilheim, Germany can process
the samples. A letter to this company must be included describing the
elements present in the samples and giving them the option of sending the
excess material back to MIT for disposal.

d. Detailed rules of use as described by EHS can be found on the MIT
website: http://web.mit.edu/environment/pdf/MIT_Reqd.pdf

e. If any spills occur, see list of important contact information below. When
the spill is small, remove any contaminated clothing and wash any
exposed skin following the protocol for any chemical spill. Isolate the
spill so it does not spread on anyone’s shoes, etc., and clean it up
appropriately. If the spill is large, immediately contact EHS for assistance
(see 4b).

3.  Disposal

a. Solid wastes that are contaminated with uranium must be disposed in the
large, cardboard waste container in lab 6-327. No other radioactive
isotopes can be disposed in this container! All paper, glass, chemical, and
other contaminated waste should go into this container. When this
container is full, the EHS the technician assigned to the Cummins group
must be contacted for removal. Currently, this technician is Steve
Greenlaw (x3-3674, greenlaw @mit.edu).
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b. Uranium-contaminated mercury must be disposed separately. Steve
Greenlaw should be contacted for the appropriate paperwork.

c. Solution waste containing uranium must have the solvent removed prior to
disposal. This must be done either evaporatively or by addition of a
“clotting” agent (available in the stockroom). The solid residue can then
be disposed in the cardboard container mentioned above.

d. Periodic (once per month) evaluations of the laboratory take place. An
EHS technician will do wipe tests of the floor near the doors and hoods
and will check the lab with a sensitive Geiger counter. If there is
contamination detected outside of the hoods and glovebox, the lab
members will be contacted by EHS.

4. Useful contact information

a. The MIT EHS office’s website:
http://web.mit.edu/environment/index.html

b. In emergencies, call the Radiation Protection Program office at x2-3477
(during business hours). On weekends or after business hours, dial the
MIT-wide emergency number x100 from any MIT phone.

c¢. For detailed information on radioactive spill protocol:

http://web.mit.edu/environment/ehs/radiation_spill.html
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Relevant professional skills

Student leadership. Served for one year as the MIT Department of Chemistry representative to the Graduate
Student Council. Served for four years as a committee member and treasurer for the Chemistry Graduate
Student Committee (CGSC). As a CGSC member, responsibilities included organizing social events for the
department, being a liaison between students and faculty in matters of education, teaching, and research, and
planning prospective student weekends.

Education development. Trained new Chemistry Department teaching assistants in undergraduate education
methods. Served as the graduate student liaison for the MIT Teaching and Learning Lab, an organization that
fosters good teaching skills and methods in teaching assistants and faculty.

Professional affliliations

* Member of the American Chemical Society, Inorganic Division



