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EPIGRAPH

Imagination is more important than knowledge.
Knowledge is limited. Imagination encircles the world.

Albert Einstein
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This dissertation details the utilization of anionic, nucleophilic iron complexes supported
by m-terphenyl isocyanide and carbonyl ligands to address longstanding questions in
organometallic and inorganic chemistry. Chapter 1 offers a brief account of the development of
low valent transition-metal chemistry with carbon monoxide (CO) and isocyanides in mononuclear
and multinuclear systems. Metal carbonyl clusters gained popularity as molecular surrogates for
reactive sites on heterogeneous catalyst surfaces, and some successes and shortcomings of this

cluster-surface analogy are revisited in Chapter 2. The synthesis and reactivity of the tetra-iron
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nitrido cluster [Fe(u*-N)(CO)s(CNArMes2),]~ (ArMes? = 2,6-(2,4,6-Me3CsH2)2C6H3) is contrasted
with the less electron-rich all-carbonyl congener [Fe(u*-N)(CO)i2]". Ligand substitution is shown
to impart nucleophilicity to the interstitial nitride, and this characteristic enables rational cluster
expansion with main-group and transition-metal ions to yield unsaturated sites. The resulting
clusters were found to display surface-like reactivity through coordination-sphere-dependent atom

rearrangement and metal-metal cooperativity.

The remaining three chapters stem from Kz[Fe(CO)2(CNAr™PP2),] (Ar™ip? = 2 6-(2,4,6-
(i-Pr)3C6H2)2CsH3). In Chapter 3, this metalate is used to generate Fe(BF)(CO)2(CNAr™PP2),  the
first stable terminal fluoroborylene complex. Importantly, the isoelectronic species
Fe(N2)(CO)2(CNAr™PP?), and Fe(CO)3(CNAr™PP?), are also described allowing for the direct
comparison of neutral 10 valence-electron ligands. Single-crystal X-ray diffraction, nuclear
magnetic resonance, infrared, and Mdossbauer spectroscopic studies demonstrate that the terminal
BF ligand possesses particularly strong o-donor and m-acceptor properties in accord with
theoretical predictions. Density functional theory and electron-density topology calculations
support this conclusion. The reactivity of Fe(BF)(CO)2(CNAr™?PP2), is discussed in Chapter 4.
Like all terminal borylene ligands, coordinated BF is shown to be electrophilic at boron, forming
Lewis acid-base adducts with various nucleophiles. However, the fluoroborylene ligand can be
derivatized further than other borylenes and converted stepwise into aminoborylene and
iminoboryl moieties. Additionally, BF can be transformed directly to the oxoboryl anion [BO]".
The last chapter presents efforts toward an analogue of the unsaturated binary metal carbonyl
Fe(CO)s. Unusual solvent binding and bond activations suggest that Fe(N2)(CO)2(CNArT™Pp2),

may indeed serve as a masked functional analogue of Fe(CO)a.

XXV



Chapter 1

Carbon Monoxide and Isocyanides as Ligands to Transition
Metals

1.1 A Brief History of Late Transition-Metal Carbonyls

A major scientific discovery at the turn of the 20" century was brought about by the astute
observation by Mond, Langer, and Quincke that nickel corroded in the presence of impure carbon
dioxide.!* The contaminant that led to corrosion was carbon monoxide (CO), and the volatile
product formed was Ni(CO)s, the first homoleptic metal carbonyl complex. Although an 1868
description of PtCl,(CO), was the first report of a compound featuring CO as a ligand,® Ni(CO)4
quickly garnered more attention in spite of its extreme toxicity for its ease of preparation and utility
in the purification of nickel.* One year later, Mond and Berthelot independently synthesized
Fe(CO)s advancing this emerging class of unprecedented zerovalent metal compounds.®’
However, subsequent progress with other metals was slow with fewer than ten new binary metal
carbonyls over the next fifty years.®

Because of the highly toxic nature of Ni(CO)4 and limited access to other metal carbonyls,
most early studies in this field focused on Fe(CO)s. For example, the photodecomposition of
Fe(CO)s to Fex(CO)y was accurately described as early as 1905 along with other reactions
including the synthesis of a highly air-sensitive compound in ethanolic potash that was later
inferred to be the first metal carbonyl anion K>[Fe(CO)4].%!° The industrial scale production of
Fe(CO)s was later achieved in the 1920s by Alwin Mittasch of BASF.” A generous donation of

this material to Walter Hieber spurred a tremendous expansion of academic research into metal



carbonyls leading to the first metal hydride H2Fe(CO)s complex and direct evidence of metal
carbonyl anions, the first compounds with metals in formally negative oxidation states.?!%-12

During this period, Hieber also discovered some of the earliest polynuclear metal carbonyl
complexes and correctly formulated Fe3(CO)i2 in 1930.!%13 However, the field of metal atom
cluster chemistry was slow to take off due to the limitations of using elemental analysis for
structure determination. The widespread implementation of X-ray diffraction as an analytical
method allowed the characterization of multinuclear systems to catch up with the impressive
synthetic techniques developed over the previous half-century.'* Indeed, hundreds of cluster
compounds with CO ligands were structurally characterized over the following decades.'*!?

It was noted that most clusters arranged themselves into polyhedral cores of metal atoms
with all triangular faces, and the analogy was quickly drawn to metallic surfaces that have close-

packed structures in heterogeneous catalysis.!¢!8

This cluster-surface analogy was an attractive
comparison to make given the monumental importance of heterogeneous processes such as
nitrogen fixation (Haber-Bosch) and the difficulty of characterizing operative intermediates during
catalysis.!®!8-22 Molecular clusters, the most common being metal carbonyl clusters, proved to be
valuable model systems with regard to understanding the structure and bonding of chemisorbed
species on metal surfaces. However, these clusters have had only limited success in mimicking the
chemistry of heterogeneous reactions, namely hydrogenations and Fischer-Tropsch catalysis, with
the diminished reactivity being ascribed to the coordinative saturation of metal sites with terminal
and/or bridging ligands.!823-23

As a result of the rich history of CO in transition-metal chemistry, this ligand has held a

vital role in the extension of group theory to chemical systems establishing new methods to analyze

the electronic structure of metal compounds and predict the geometries of unsaturated metal



fragments.2%28 In these models, CO donates a carbon-centered lone pair to an empty metal-based
orbital and accepts electron density from filled metal d-orbitals into a degenerate pair of ©*
orbitals, a synergistic bonding effect that has previously been described for olefin coordination to
metals (Figure 1.1).2%3% For CO, the electronegativity difference between carbon and oxygen
renders these donor and accepter orbitals (HOMO and LUMO; highest occupied and lowest
unoccupied molecular orbitals) energetically well-matched to interact with transition metals,
leading to strong bonds between electron-rich metals and CO.3!3? Thus, it is no coincidence that
the first homoleptic metal carbonyls involved zerovalent nickel, iron, and cobalt with d-electron
counts of 10, 8, and 9, respectively. However, the lack of steric protection afforded by CO often
renders metal carbonyl complexes labile and vulnerable to undesired side reactions or aggregation

processes. !’

Fovom-- ¥H

© ®
:C=0: M :C=0:
Empty metal Filled CO Filled metal Empty CO
d orbital o orbital d orbital n* orbital

Figure 1.1. Cartoon representation of the Dewar-Chatt-Duncanson bonding model CO in the
terminal coordination mode.



1.2 Transition-Metal Isocyanide Complexes

Another important class of ligand for the study of metals in low formal oxidation states is
the isocyanide (C=N-R).*? Isolobal with CO, isocyanides possess a lone pair of electrons localized
on carbon and a degenerate set of orthogonal ©* orbitals capable of engaging in n-backdonation
with a metal center. Yet, isocyanides are stronger c-donors and weaker m-acceptors than CO
owing to the lower electronegativity of the “N-R” unit relative to O.333> A result of this increased
o-donor/m-acceptor ratio is that isocyanides impart greater stability on metal complexes in higher
oxidation states than their carbonyl counterparts.’® Despite this difference, isocyanides more
effectively mimic the ligand field of CO than other n-acidic ligands such as trifluorophosphine,?”-3
phosphites,* or cyclic alkyl(amino)carbenes (CAACs),* As with early investigations of CO as a
ligand, the first isocyanide complexes of a transition metal were four-coordinate Ni(0).*!*?
However, unlike CO, it took nearly 30 more years to discover an isocyano analogue of Fe(CO)s,*
and, homoleptic isocyanide complexes of metals in the 0 oxidation state remain comparatively
rare.

An important benefit of organic isocyanides over CO is the ability to modulate their steric
profile and, to some extent, electronic properties through the N-bound substituent.’> Since 2008,
our group has sought to use isocyanides in order to isolate mimics of classic unsaturated metal
carbonyls that are not stable enough for systematic reactivity studies. These fleeting species result
from the cleavage of a metal-metal bond or from the dissociation of one or more molecules of CO.
They are often invoked as intermediates in catalytic cycles,*** but they are typically only observed
using gas-phase or cryogenic matrix-isolation studies*’ or ultrafast UV pump/IR probe
spectroscopy.*® Before our group’s work expanding the encumbrance available to isocyanides,

large variations in sterics of the substituent had not been thoroughly explored. Isocyanides



commonly considered to be “bulky”, such as tert-butyl isocyanide, did not inhibit coordinative
saturation, resulting in complexes with the same coordination numbers as their carbonyl relatives.

Our group looked to implement the m-terphenyl framework, which has been widely used to

49,50 51,52

provide kinetic stabilization as pure c-aryl ligands*~" and as large ancillary groups for amido,

imido,’"> thiolate,>* and carboxylate moieties,>-¢

among other classes of anionic ligands.
Isocyanides with m-terphenyl substituents have been synthesized previously for use as supporting

ligands in catalysis,’”-® but their effect on coordination and electronic structure of the metal had

not been deeply investigated.

Figure 1.2. Sterically encumbering m-terphenyl isocyanides mentioned in this dissertation. (Left)
CNArMe2, (Middle) CNArPPP2, (Right) CNArTPP2,

In order to study isolobal analogs of the transient, unsaturated metal carbonyls, we have
developed several m-terphenyl isocyanide ligands of varying size and subtle electronic
differences.?>*-! This strategy quickly proved fruitful in the isolation of Ni(CNArMe?); and
Ni(CNArPPP2); (ArMes? = 2.6-(2,4,6-Me3CeH2)2CeHs; ArPPP?2 = 2.6,-(2,6-(i-Pr)2CsH3)2CsH3).6263
These three-coordinate Ni(0) complexes served as important proofs of principle that sterically
encumbering isocyanides can adequately stabilize unsaturated metal centers in low oxidation

states. Importantly, the HOMO of both Ni(CNArM®?); and Ni(CNArP®P?); was shown to be



exclusively Ni d,2 in character (a1’ in D3, symmetry), faithfully reproducing the electronic structure
of Ni(CO);. In contrast, the d» orbital of threefold symmetric Ni-phosphine and Ni-olefin
complexes lies below the dx2—y2 and dyy orbitals (e’).%

Another success of this approach was the synthesis and thorough investigation of
Pd(CNATrP®P2), 64 Curiously, stable binary carbonyl complexes of the heavier group 10 metals (i.e.
Pd and Pt) are not known.% Additionally, only multinuclear isocyanide complexes of Pd(0) and
Pt(0) had been reported with no previously known examples of a mononuclear binary palladium
or platinum isocyanide.>® Solid-state structural and solution spectroscopic data supported DFT
calculations and matrix-isolation measurements of Pd(CO)> suggesting a bent instead of linear
geometry.®® A later communication containing the synthesis of Pt(CNArPPP2), yielded similar

results.®’

Pd(CO),

Pd(CNArPr2),

Co(CNArHes2),

Figure 1.3. (Top) Representative classical unsaturated metal carbonyls. (Bottom) Respective
homoleptic isocyanide analogues.



Other examples of our laboratory isolating analogues of catalytically relevant intermediates
in metal-carbonyl chemistry include Co(CNArM®?), and Mn(CO)3(CNArPPP?), 9369 In some cases,
we have also reported “masked” analogues of unsaturated photoproducts. These include
Cp*Co(N2)(CNArPPP2) (Cp* = [CsMes]]) and Mo(HN(i-Pr),)(CO)2(CNArPPP?) that display
similar reactivity to CpCo(CO) (Cp = [CsHs]") and cis-divacant Mo(CO)4, respectively, but are
further stabilized by weakly coordinating ligands.®®%° The m-terphenyl periphery of these ligands
has also aided in the stabilization of novel bonding motifs of small molecules, especially as seen

with the unprecedented side-on coordination of nitrous oxide (N20).7°

1.3 Metalates Bearing nt-Acidic Ligands

A tremendously important consequence of the m-accepting nature of CO is the ability to
stabilize transition metals in formally negative oxidation states.'>’! The first anionic carbonyl
complexes were [HFe(CO)s]~ and [Fe(CO)4]*, synthesized by Hieber through the reaction of
Fe(CO)s with hydroxide ([OH]").!? In this reaction, [OH]~ adds to a metal-bound carbonyl ligand
forming a metallacarboxylic acid, which spontaneously ejects CO> along with a hydride transfer
to generate [HFe(CO)4] . This process is aptly named the Hieber base reaction and has been used
to create [Co(CO)4]” and [Mn(CO)s]~ and adapted to synthesize many more carbonyl metalates.”!

These organometallic anions display varied nucleophilicity and are sometimes referred to
as pseudohalides, pseudochalcogenides, or pseudopnictogenides, depending on their charge.”!-’?
The reactivity of anionic metal carbonyls predominantly centers around nucleophilic displacement
reactions in which the metalate reacts with an alkyl or aryl halide to form a metal-carbon bond and
eliminate the corresponding halide salt. Analogous reactions using inorganic halides of many

elements including silicon, boron, thallium, and other transition metals also proceed.”>”® An



especially useful early application of this chemistry to organic synthesis was the conversion of
alkyl bromides to aldehydes mediated by [Fe(CO)4]>~.7* The extreme reactivity of this dianion was
compared to that of a Grignard reagent by James Collman, and it is now widely known as
Collman’s reagent in recognition of his seminal work in the 1970s.!%7

Studies of homoleptic isocyanide metalates began much more recently with the synthesis
of [Co(CNXyl)4]™ (Xyl = 2,6-Me>CsH3) in 1989 and its structural characterization in 1994.7677 The
delayed entry into this field is due largely to isocyanides being stronger -donors and weaker n-
acceptors than CO such that they are less effective at stabilizing metals in low formal oxidation
states.”® Cooper and Ellis have made additional isocyanide metalates of Mn, Ru, V, Nb, Ta, and
Fe, but the total number of examples remains very low.3679-82

Through the use of m-terphenyl isocyanides, our group has synthesized several metal
complexes with formal oxidation states less than 0. Similar to the results of Cooper and Ellis, we
have reported the homoleptic metalates [Co(CNArMe2),]~ and [Fe(CNAr™®2)4]? in addition to a
heteroleptic complex with both isocyanide and carbonyl ligation, [Mn(CO)3(CNArPPr2),] 83-85 and
the heteroleptic ferrates [Fe(CO)2(CNAr™PP2),]>~ and [Fe(N2)2(CNAr™PP2),12- (Ariep? = 2 6-
(2,4,6-(i-Pr)3CsH2)2C6H3) (Figure 1.4). We have also published a reactive source of
[Co(CNArMes2);]- that is stabilized by n? coordination of the bis(triphenylphosphine)iminium
cation,® and the exotic carbyne complex [Cp*Co=CNAr™P2]>- derived from extreme n-
backdonation to an isocyanide ligand.®” Importantly, all of these metalates have shown significant
metal-based nucleophilicity toward main-group electrophiles. We have also begun to explore

anionic cluster compounds. Trinuclear [Pt3(u-CO)3(CNArPPP?)3]> has charge spread evenly over

three metal centers and six n-acidic ligands, but it retains metal-based reactivity.5®



Figure 1.4. Dianionic ferrates with isocyanide and CO or N; ligation. Na;[Fe(CNArM®s2),] (Left),
Ka[Fe(CO)(CNAT™2),] (Middle), Ko[Fe(N2)2(CNATT#P2),] (Right).

The results described in this dissertation draw inspiration from the themes outlined above.
First, an anionic iron cluster is designed with both CO and m-terphenyl isocyanide ligands to
achieve cluster growth via nucleophilic displacement reactions with metal salts. Second, a
dianionic iron complex is developed with two m-terphenyl isocyanides and two carbonyls to
discover new bonding motifs between main-group elements and transition metals. Third, this
dianionic species serves as a precursor to a functional analogue of Fe(CO). In contrast, the ferrate
[Fe(CNArMes2),]? proved to be too reducing and too sterically encumbered to observe desired
reactivity, and the (bis)dinitrogen dianion was disregarded due to the high kinetic lability of

reaction products.

1.4 References

(1) Mond, L.; Langer, C.; Quincke, F. J. Chem. Soc., Trans. 1890, 57 (0), 749-753.
(2) Hermann, W. A. Journal of Organometallic Chemistry 1990, 383 (1-3), 21-44.
3) Schutzenberger, M. P. Annales Chim. Physique (Paris) 1868, 15, 100-106.

(4) Werner, H. Angew. Chem. Int. Ed. Engl. 1990, 29 (10), 1077—-1089.



)
(6)
(7
®)
©)
(10)

(1)

(12)
(13)
(14)
(15)
(16)
(17)
(18)

(19)
(20)

1)

(22)

(23)

(24)

(25)

Mond, L.; Quincke, F. J. Chem. Soc., Trans. 1891, 59 (0), 604—607.

Mond, L.; Langer, C. J. Chem. Soc., Trans. 1891, 59 (0), 1090-1093.
Berthelot, M. Compt. Rend. 1891, 112, 1343.

Abel, E. W.; Stone, F. G. A. Q. Rev., Chem. Soc. 1969, 23 (3), 325-371.
Mittasch, A. Z. Angew. Chem. 1928, 41 (30), 827-833.

Hieber, W.; Leutert, F. Ber. dtsch. Chem. Ges. A/B 1931, 64 (11), 2832-2839.

Hieber, W., in Advances in Organometallic Chemistry, 1970, 8, 1. Eds. Stone, F. G. A.
and West, R., Academic Press, San Diego.

Ellis, J. E. Organometallics 2003, 22 (17), 3322-3338.

Hieber, W.; Becker, E. Ber. dtsch. Chem. Ges. A/B 1930, 63 (6), 1405-1417.
Cotton, F. A. Q. Rev., Chem. Soc. 1966, 20 (3), 389-401.

Chini, P. Large metal carbonyl clusters (LMCC); 1980; Vol. 200, pp 37-61.
Ugo, R. Catalysis Reviews 1975, 11 (1), 225-297.

Muetterties, E. L. Bull. Soc. Chim. Belges 1975, 84 (10), 959-986.

Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; Pretzer, W. R. Chem. Rev.
1979, 79 (2), 91-137.

Ertl, G. Angew. Chem. Int. Ed. 2008, 47 (19), 3524-3535.
Bozso, F. Journal of Catalysis 1977, 49 (1), 18—41.

Imbihl, R.; Behm, R. J.; Ertl, G.; Moritz, W. Surface Science Letters 1982, 123 (1),
A446.

Tsai, M. C.; Seip, U.; Bassignana, 1. C.; Kiippers, J.; Ertl, G. Surface Science Letters
1985, 155 (2-3), A269.

Chisholm, M. H.; Hammond, C. E.; Johnston, V. J.; Streib, W. E.; Huffman, J. C. J. 4Am.
Chem. Soc. 1992, 114 (18), 7056-7065.

Gates, B. C. Angew. Chem. Int. Ed. Engl. 1993, 32 (2), 228-2209.

Dyson, P. J. Coordination Chemistry Reviews 2004, 248 (21-24), 2443-2458.

10



(26)
(27)
(28)
(29)
(30)

(31

(32)
(33)
(34)

(35)

(36)
(37)

(38)

(39)

(40)
(41)
(42)

(43)

(44)

(45)

Burdett, J. K. J. Chem. Soc., Faraday Trans. 2 1974, 70 (0), 1599-1613.
Burdett, J. K. Inorg. Chem. 1975, 14 (2), 375-382.

Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14 (5), 1058-1076.
Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C79.

Chatt, J.; Duncanson, L. A. J. Chem. Soc. 1953, 2939-2947.

Ehlers, A. W.; Dapprich, S.; Vyboishchikov, S. F.; Frenking, G. Organometallics 1996,
15 (1), 105-117.

Frenking, G.; Frohlich, N. Chem. Rev. 2000, 100 (2), 717-774.
Yamamoto, Y. Coordination Chemistry Reviews 1980, 32 (3), 193-233.
Cotton, F. A.; Zingales, F. J. Am. Chem. Soc. 1961, 83 (2), 351-355.

Carpenter, A. E.; Mokhtarzadeh, C. C.; Ripatti, D. S.; Havrylyuk, I.; Kamezawa, R.;
Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. Inorg. Chem. 2015, 54 (6), 2936-2944.

Barybin, M. V.; Young, V. G.; Ellis, J. E. J. Am. Chem. Soc. 2000, 122 (19), 4678—4691.
Kruck, T. Angew. Chem. Int. Ed. Engl. 1967, 6 (1), 53-67.

Xiao, S.; Trogler, W. C.; Ellis, D. E.; Berkovitch-Yellin, Z. J. Am. Chem. Soc. 1983, 105
(24), 7033-7037.

Dias, P. B.; de Piedade, M. E. M.; Simdes, J. A. M. Coordination Chemistry Reviews
1994, 135-136, 737-807.

Soleilhavoup, M.; Bertrand, G. Acc. Chem. Res. 2015, 48 (2), 256-266.
Hieber, W.; Bockly, E. Z. Anorg. Chem. 1950, 262 (6), 344-352.
Klages, F.; Monkemeyer, K. Chem. Ber. 1950, 83 (6), 501-508.

Bassett, J.-M.; Berry, D. E.; Barker, G. K.; Green, M.; Howard, J. A. K.; Stone, F. G. A.
J. Chem. Soc., Dalton Trans. 1979, No. 6, 1003—-1011.

Schroeder, M. A.; Wrighton, M. S. J. Am. Chem. Soc. 1976, 98 (2), 551-558.

Harmon, R. E.; Gupta, S. K.; Brown, D. J. Chem. Rev. 1973, 73 (1), 21-52.

11



(46) Klingler, R. J.; Rathke, J. W. J. Am. Chem. Soc. 1994, 116 (11), 4772—-4785.
(47)  Zhou, M.; Andrews, L.; Bauschlicher, C. W. Chem. Rev. 2001, 101 (7), 1931-1962.
(48) Lomont, J. P.; Nguyen, S. C.; Harris, C. B. Acc. Chem. Res. 2014, 47 (5), 1634—-1642.

(49) Twamley, B.; Haubrich, S. T.; Power, P. P. In Advances in Organometallic Chemistry
Volume 44; Advances in Organometallic Chemistry; Elsevier, 1999; Vol. 44, pp 1-65.

(50) Clyburne, J. A. C.; McMullen, N. Coordination Chemistry Reviews 2000, 210 (1), 73—
99.

(51) Gavenonis, J.; Tilley, T. D. Organometallics 2002, 21 (25), 5549-5563.

(52)  Wright, R. J.; Steiner, J.; Beaini, S.; Power, P. P. Inorganica Chimica Acta 2006, 359
(6), 1939-1946.

(53) Gavenonis, J.; Tilley, T. D. Organometallics 2004, 23 (1), 31-43.
(54) Ito, M.; Matsumoto, T.; Tatsumi, K. Inorg. Chem. 2009, 48 (5), 2215-2223.

(55) Hagadorn, J. R.; Que, L.; Tolman, W. B.; Prisecaru, I.; Miinck, E. J. Am. Chem. Soc.
1999, 121 (41), 9760-9761.

(56)  Yoon, S.; Lippard, S. J. J. Am. Chem. Soc. 2005, 127 (23), 8386-8397.

(57) Tanabiki, M.; Tsuchiya, K.; Kumanomido, Y.; Matsubara, K.; Motoyama, Y .;
Nagashima, H. Organometallics 2004, 23 (16), 3976-3981.

(58) Ito, H.; Kato, T.; Sawamura, M. Chem. Lett. 2006, 35 (9), 1038—1039.

(59) Fox, B.J.; Sun, Q. Y.; DiPasquale, A. G.; Fox, A. R.; Rheingold, A. L.; Figueroa, J. S.
Inorg. Chem. 2008, 47 (19), 9010-9020.

(60) Ditri, T. B.; Fox, B. J.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. Inorg. Chem.
2009, 48 (17), 8362-8375.

(61) Ditri, T. B.; Carpenter, A. E.; Ripatti, D. S.; Moore, C. E.; Rheingold, A. L.; Figueroa, J.
S. Inorg. Chem. 2013, 52 (22), 13216-13229.

(62)  Fox, B.J.; Millard, M. D.; DiPasquale, A. G.; Rheingold, A. L.; Figueroa, J. S. Angew.
Chem. Int. Ed. 2009, 48 (19), 3473-34717.

(63) Emerich, B. M.; Moore, C. E.; Fox, B. J.; Rheingold, A. L.; Figueroa, J. S.
Organometallics 2011, 30 (9), 2598-2608.

12



(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)
(72)
(73)
(74)
(75)
(76)

(77)

(78)

(79)

(80)

(81)

Labios, L. A.; Millard, M. D.; Rheingold, A. L.; Figueroa, J. S. J. Am. Chem. Soc. 2009,
131 (32), 11318-11319.

Kuendig, E. P.; Mclntosh, D.; Moskovits, M.; Ozin, G. A. J. Am. Chem. Soc. 1973, 95
(22), 7234-7241.

Liang, B.; Zhou, M.; Andrews, L. J. Phys. Chem. A 2000, 104 (17), 3905-3914.

Barnett, B. R.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. J. Am. Chem. Soc. 2014,
136 (29), 10262—-10265.

Mokhtarzadeh, C. C.; Rheingold, A. L.; Figueroa, J. S. Dalton Trans. 2016, 45 (37),
14561-14569.

Mandla, K. A.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. Angew. Chem. Int. Ed.
2018, 57 (23), 6853-6857.

Mokhtarzadeh, C. C.; Chan, C.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. J. Am.
Chem. Soc. 2019, 141 (38), 15003-15007.

Beck, W. Angew. Chem. Int. Ed. Engl. 1991, 30 (2), 168—169.

Ellis, J. E. Journal of Organometallic Chemistry 1975, 86 (1), 1-56.
King, R. B. Acc. Chem. Res. 1970, 3 (12), 417-427.

Cooke, M. P. J. Am. Chem. Soc. 1970, 92 (20), 6080—6082.

Collman, J. P. Acc. Chem. Res. 1975, 8 (10), 342-347.

Warnock, G. F.; Cooper, N. J. Organometallics 1989, 8 (7), 1826—1827.

Leach, P. A.; Geib, S. J.; Corella, J. A.; Warnock, G. F.; Cooper, N. J. J. Am. Chem. Soc.
1994, 116 (19), 8566—8574.

Weber, L. Angew. Chem. Int. Ed. 1998, 37 (11), 1515-1517.

Utz, T. L.; Leach, P. A.; Geib, S. J.; Cooper, N. J. Chem. Commun. (Camb.) 1997, No. 9,
847-848.

Corella, J. A.; Thompson, R. L.; Cooper, N. J. Angew. Chem. Int. Ed. Engl. 1992, 31 (1),
83-84.

Barybin, M. V.; Brennessel, W. W.; Kucera, B. E.; Minyaev, M. E.; Sussman, V. J,;
Young, V. G.; Ellis, J. E. J. Am. Chem. Soc. 2007, 129 (5), 1141-1150.

13



(82)

(83)

(84)

(85)

(86)

(87)

(88)

Brennessel, W. W.; Ellis, J. E. Angew. Chem. Int. Ed. 2007, 46 (4), 598—600.

Margulieux, G. W.; Weidemann, N.; Lacy, D. C.; Moore, C. E.; Rheingold, A. L.;
Figueroa, J. S. J. Am. Chem. Soc. 2010, 132 (14), 5033-5035.

Mokhtarzadeh, C. C.; Margulieux, G. W.; Carpenter, A. E.; Weidemann, N.; Moore, C.
E.; Rheingold, A. L.; Figueroa, J. S. Inorg. Chem. 2015, 54 (11), 5579-5587.

Stewart, M. A.; Moore, C. E.; Ditri, T. B.; Labios, L. A.; Rheingold, A. L.; Figueroa, J.
S. Chem. Commun. 2011, 47 (1), 406—408.

Carpenter, A. E.; Margulieux, G. W.; Millard, M. D.; Moore, C. E.; Weidemann, N.;
Rheingold, A. L.; Figueroa, J. S. Angew. Chem. Int. Ed. 2012, 51 (37), 9412-9416.

Mokhtarzadeh, C. C.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S. J. Am. Chem. Soc.
2018, 140 (26), 8100-8104.

Barnett, B. R.; Rheingold, A. L.; Figueroa, J. S. Angew. Chem. Int. Ed. 2016, 55, 9253—
9258.

14



Chapter 2

Controlled Expansion of a Strong-Field Iron Nitride Cluster:
Multi-Site Ligand Substitution as a Strategy for Activating
Interstitial Nitride Nucleophilicity

2.1 Introduction

For many decades, investigations into the precise trajectories of multistep chemical
processes at surfaces have been central to the field of heterogeneous catalysis.!? Despite seminal
advances in the understanding of substrate adsorption, substrate/surface dynamics, and reaction
kinetics, characterizing key surface active sites with atomic-level resolution has remained difficult.
These well-known challenges stem from the general complexity of surface sites, short- and long-
range surface reconstruction processes during chemical reactions, and length-scale limitations of
analytical techniques.!™

To provide complementary insight, molecular transition-metal clusters have long been
used, with varying success, as model systems for rationalizing the structural properties and
chemisorption profiles of reactive surface sites.®® To this end, the iron nitridocarbonyl cluster
[Fea(na-N)(CO)12] was prepared over 30 years ago in an attempt to link this analogy to adsorbed
nitrogen on iron surfaces in the Haber-Bosch process.*>!° This system, however, does not
effectively model ammonia production owing to preferential protonation at a bridging position
between two iron centers, rather than at the interstitial nitrogen atom, and the fact that subsequent
protonations with strong acids cannot be achieved.’ Notably, the reactivity observed for [Fes(ps-
N)(CO)i2]~ had been limited to monoprotonation and simple ligand exchange!! until recently,

when it was shown by Berben and co-workers that this species electrocatalytically reduces H" and
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CO,.'2"* In contrast, the isoelectronic and isostructural species [Fes(usa-C)(CO)i2]*> is susceptible
to protonation at the interstitial carbon atom and displays chemistry pertinent to the metal cluster—
surface analogy, specifically carbon monoxide activation and the cleavage of H» across the ps-
carbide.!>!®

The greater nucleophilicity of [Fes(us-C)(CO)12]* relative to [Fea(usa-N)(CO)i2]~ has been
rationalized qualitatively by two main factors, namely 1) the greater charge of the carbide cluster
(-2 vs. —1) and 2) increased orbital energies, which are due to the more electropositive character
of carbon compared to nitrogen.!! One approach to augmenting the reactivity of [Fes(ps-
N)(CO)12] and other clusters has been to increase their electron density through the substitution
of CO with more electron-donating ligands. Phosphine-substituted [Fe4(ps-N)(CO)12-n(L)n] (n =
1, 2) clusters have been reported, but they have not exhibited reactivity patterns that differ from
the all-carbonyl analogue.!! Additionally, [Fes(pa-N)(CO)12-n(L)a]" clusters with increasing levels
of phosphine or other strong-donor substitution have remained elusive. These observations suggest
that two ligand substitutions inhibit subsequent CO labilization prior to the onset of increased
nucleophilicity at the interstitial nitrogen atom. Given this rationale, we postulated that

1920 could

organoisocyanides, which are strong donors, yet provide stabilizing n-acidity properties,
yield the multiple substitutions necessary (n > 2) to meet the electronic threshold for activation of
the interstitial nitride.

Accordingly, herein we report the use of m-terphenyl isocyanides!®-?? for the preparation
of the heteroleptic cluster Na[Fes(us-N)(CO)s(CNAMe2),] (Na[l], ArMe? = 2.6-(2,4,6-
Mes;CeH2)2CsH3), where multiple isocyanide-for-carbonyl substitutions successfully activate the

nucleophilic character of the interstitial nitride. This enhanced reactivity profile, coupled with the

encumbering nature of the CNAr™®?2 ligands, allows for controlled cluster growth with a variety
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of electrophiles. Such cluster expansion reactions can be used for the systematic incorporation of
coordinatively and electronically unsaturated transition-metal and main-group centers into the
multi-metallic framework, thereby providing reactive sites in a molecular system that mimic some

of the characteristics known for heterogeneous surfaces.!

2.2 Isocyanide-for-Carbonyl Ligand Substitution on a Tetranuclear Iron

Cluster

In our initial attempts to prepare cluster 1-, we found that it cannot be directly obtained by
simple thermolytic ligand exchange on [Fes(pus-N)(CO)i2]". Prolonged heating of
[Na(diglyme):][Fe4(nsa-N)(CO)12] in the presence of excess CNArMes? Jed to intractable mixtures
of products as assessed by 'H NMR spectroscopy. However, heating a benzene slurry of
[Na(diglyme):][Fes(ps-N)(CO)12] at reflux in the presence of 1.0 equivalent of benzoic acid and
4.2 equivalents of CNAr™M®? for 21 h generated the monohydride HFes(us-N)(CO)s(CNArMes2),
(1-H; Scheme 2.1), as indicated by the consumption of free isocyanide and the appearance of an
upfield singlet at —30.87 ppm in the '"H NMR spectrum of the reaction mixture. This resonance is
consistent with bridging hydrides formed from Fe—-Fe bond protonation in analogous butterfly
clusters.! In addition, structural characterization of 1-H (Figure 2.1) confirmed that the hydride
bridges the Fe—Fe hinge bond (basal edge), as has been proposed for the all-carbonyl cluster,
HFe4(n4-N)(CO)12, based on low-resolution X-ray data.”!* Notably, the CNAr™e? ligands are not
evenly distributed on the four iron centers of 1-H. Instead, two isocyanides add to a single wingtip
iron (collinear with the nitride), and one of the basal iron atoms remains unsubstituted, most likely
to reduce steric congestion from the ArMes2 groups. This ligand arrangement is configurationally

stable in C¢Ds solution, as the 'H NMR spectrum of 1-H remains static up to 75 °C.
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[Na(diglyme,)][Fe;N(CO)..]
Benzoic acid
CeHsg

—NaC;H50,

Scheme 2.1. Synthesis of HFe4(p4-N)(CO)s(CNArMe2), (1-H) and its deprotonation to Na[Fes(us-
N)(CO)s(CNArMes2),] (Na[1]).

Figure 2.1. Solid-state structure of HFes(us-N)(CO)s(CNArMe2), (1-H). Selected bond distances
(A): Fel-N1 = 1.776(2); Fe2-N1 = 1.795(2); Fe3-N1 = 1.908(2); Fe4-N1 = 1.928(2); Fe3-Fe4 =
2.5771(6). H-atoms except the hydride are omitted.
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The hydride cluster 1-H can subsequently be deprotonated with NaOz-Bu in THF solution
to yield Na[Fes(us-N)(CO)s(CNArMe2),] (Na[1]), as determined by X-ray diffraction (Figure 2.2).
The solid-state structure of Na[1] reveals a contact-ion pair where the Na* counterion engages in

several cation m(C=N)/rn(arene) interactions?*-22

and makes a long, but significant, contact with the
interstitial nitride unit (2.580 A (avg)). In addition, the uneven distribution of isocyanide ligands
found in the solid state for 1-H is retained in Na[1]. Notably, cluster Na[1] was isolated as an air-
and moisture-sensitive brown solid. As a point of comparison, [Na(diglyme)2][Fes(pn4-N)(CO)12]
is stable in air for hours and indefinitely in degassed water, a difference that we attribute to the
more electron-rich nature of Na[1]. This energetic difference is also apparent in the FTIR spectrum
of Na[1], which shows a 30 c¢cm™' red-shift of the lowest-energy v(CO) band relative to

[Na(diglyme):][Fes(ps-N)(CO)12], which is indicative of greater Fe—n*(CO) back-donation when

isocyanides are present.
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Figure 2.2. Solid-state structure of Na[Fes(us-N)(CO)s(CNArMe2),] (Na[1]). One of two
molecules in the asymmetric unit is displayed. Disorder of the sodium cation is omitted for clarity.
Selected bond distances (A): Fel-N1 = 1.777(6); Fe2-N1 = 1.833(6); Fe3-N1 = 1.928(6); Fe4-N1
=1.908(6); Fe3-Fe4 = 2.5040(14); N1-Nal =2.611(9).

2.3  Single-Electron Oxidation of Na[Fes(us-N)(CO)s(CNArMe2),)

Additional evidence for the more electron-rich profile of cluster [1] relative to [Fes(ps-
N)(CO)i2]” was obtained from cyclic voltammetry measurements. In THF solution, [Fea(ps-
N)(CO)12] has been well documented to undergo two reversible 1 e reductions at —1.33 V and —
1.78 V, as well as an irreversible 1 e oxidation at+0.78 V (all vs. SCE).? This latter redox process

generates the unstable, neutral radical species Fea(usa-N)(CO)12,2* which has also been implicated
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as the key intermediate upon release of H» or formate in H" or CO» reduction, respectively, by this
all-carbonyl system.!*' In contrast, the CV of Na[1] does not reveal reduction processes prior to
—2.0 V vs. SCE, but shows a reversible oxidative event at —0.65 V, which was assigned to the 0/—
1 couple of the cluster framework (Figure 2.4). These data indicate that the increased donor
strength of the CNAr™®? ligands creates a sufficiently electron-rich cluster as to discourage
reduction events, while also allowing for the stabilization of electron-deficient cluster species.
Indeed, as suggested by the reversibility of the —0.65 V event, chemical oxidation of Na[1] with
trityl chloride (CICPhs) leads cleanly to the neutral, paramagnetic cluster FesN(CO)s(CNArMes2),
(1), as determined by X-ray diffraction (Scheme 2.2, Figure 2.3). EPR spectroscopic analysis of
neutral 1 in toluene solution revealed a singlet (giso = 2.034) with no discernible hyperfine coupling
(Figure 2.5), while Evans method magnetic moment determination (pefr = 1.74(9) ug; CeDs , 20
°C) agrees well with the presence of an S = }2 metalloradical, as expected for a singly oxidized

cluster in a strong ligand field.

2
SRS o W
NaCl d e—_} d

Scheme 2.2. Oxidation of Na[1] generating paramagnetic FesaN(CO)s(CNArMe2), (1).
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Figure 2.3. Solid-state structure of FesN(CO)s(CNAr™e2), (1). Selected bond distances (A): Fel-
N1 = 1.7777(16); Fe2-N1 = 1.7863(16); Fe3-N1 = 1.8913(16); Fe4-N1 = 1.8960(16); Fe3-Fe4 =
2.5448(4).
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Figure 2.4. Cyclic voltammogram showing the reversible 1/[1]" redox couple. See Ch. 2.8 for
conditions.
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Figure 2.5. X-Band EPR spectrum of 1 at 295 K (top) and simulation (bottom).
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2.4  Cluster Expansion of [Fes(ns-N)(CO)s(CNArM2)4]~ via Salt Elimination

The most unique feature of [1]™ relative to [Fes(pns-N)(CO)12] ™ is that its increased electron-
rich character allows for nucleophilic reactivity of the interstitial nitride towards a variety of
electrophilic substrates. For example, treatment of Na[1] with thallium triflate (TIOTf; OTf =
[O3SCF;3 ]Y) produces the adduct Fes(Tl-(us-N))(CO)s(CNArMes2), (2; Scheme 2.3, Figure 2.6). In
contrast, [Fe(us-N)(CO)12]- does not react with TIOTf even after the addition of multiple
equivalents and several hours of heating in THF at 60 °C. In the solid-state structure of cluster 2,
the Tl atom occupies the void space proximal to the bridging nitride and features a N—T1 separation
of 2.558(9) A. Significantly, this separation is comparable to the N-TI bond lengths found for
many TI(I) complexes featuring 2 e nitrogen-donor ligands** and thereby indicates that a
significant bonding interaction between the interstitial nitrogen atom and TI is present in the
cluster. Complex 2 also gives rise to V(CN) and v(CO) bands that are blue-shifted by
approximately 25 cm™! relative to those of Na[1] (Figure 2.7). This shift to higher energies is
reflective of decreased m back-donation from the iron centers to the m-acidic ligands upon binding
of Tl to the cluster.?> Accordingly, this electronic perturbation provides additional evidence that
Tl interacts directly through the cluster nitride, rather than being associated with the FesN core by

simple ion pairing.
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Figure 2.6. Solid-state structure of Fe4(T1-(p4-N))(CO)s(CNArMe2), (2). One of two molecules in
the asymmetric unit is displayed. Selected bond distances (A) and angles (°): Fel-N1 = 1.800(6);
Fe2-N1 = 1.819(6); Fe3-N1 = 1.892(5); Fe4-N1 = 1.871(6); Fe3-Fed = 2.5162(14); N1-Tl1 =
2.555(6); Fel-T11 =3.1314(11); Fe2-T11 =3.1091(11); Fel-T11-Fe2 = 70.87(3).
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Figure 2.7. Comparison of the solution FTIR spectra of Na[l], 2, 1 showing of progressive
blueshift of the major vCN stretches correlating with level of cluster oxidation.

Extending this strategy to divalent metal salts, Na[l] readily reacts with SnCl> by
elimination of NaCl to provide the nitrido chlorostannylene-substituted cluster, Fe4(CISn-(ps-
N))(CO)3(CNArMes2), (3; Scheme 2.4, Figure 2.8). Characterization of cluster 3 by both IR
spectroscopy and X-ray crystallography revealed spectroscopic and structural features similar to
those of thallium derivative 2, including a close Sn—N contact indicative of a substantial bonding
interaction between the Sn and N atoms (2.2045(97) A). The isocyanide stretching bands of 3 lie
at approximately 10 cm™! higher frequency than 2. Evidently, tin binding withdraws more electron
density from the cluster framework than thallium binding, consistent with the greater

electronegativity of Sn versus TL.
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Figure 2.8. Solid-state structure of Fes(CISn-(ps-N))(CO)s(CNArMe2)4 (3). Positional disorder of
the cluster metal atoms and chloride ligand has been omitted for clarity. Selected bond distances
(A) and angles (°): Fel-N1 = 1.824(6); Fe2-N1 = 1.837(6); Fe3-N1 = 1.848(5); Fe4-N1 = 1.882(7);
Fe3-Fe4 = 2.5331(14); N1-Snl = 2.241(6); Fel-Snl = 2.9541(11); Fe2-Snl = 2.8093(13); Snl-
Cl1 =2.372(3); Fel-Snl-Fe2 = 78.78(3); N1-Sn1-Cl1 = 99.51(19).
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The nucleophilicity of the interstitial nitride in Na[1] can also be used to incorporate high-
spin transition-metal centers into an otherwise low-spin cluster framework. In addition, the
inclusion of such high-spin centers allows for cooperative reactivity between electronically distinct
portions of these expanded clusters. As shown in Scheme 2.5, treatment of Na[1] with FeCl, in
THF solution produced the cluster Fes(FeCl(THF)(us-N))(CO)s(CNArMes2), (5), in which a
[FeCI(THF)] fragment has been incorporated into the core proximal to the interstitial nitride
(Figure 2.9). In solution, cluster 5 gave rise to an effective magnetic moment of 4.94(11) ug,
thereby indicating that the newly installed iron center possesses a high-spin, S = 2 ferrous ground
state. The Fe—Fe separations from the wingtip iron centers to the [FeCI(THF)] unit are similar to
those in the Fes(ps-N) portion derived from Na[1], suggesting that this high-spin unit has been

incorporated into the cluster bonding framework.

Na*

23 -
’ Ng, CN FeCl,
RS e
of u /F< B¢)

Scheme 2.5. Synthesis of a coordinatively and electronically unsaturated cluster,
Fe4(FeCl(THF)(us-N))(CO)s(CNAMes2), (5).
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Figure 2.9. Solid-state structure of Fes(FeCl(THF)(us-N))(CO)s(CNArMes2),-(CeHe) (5:(CeHo).
Omitted items include one molecule of co-crystallized benzene, disorder of one of the m-terphenyl
groups, and disorder of the bound THF molecule. Selected bond distances (A) and angles (°): Fel-
N1 =1.847(5); Fe2-N1=1.843(5); Fe3-N1 = 1.884(5); Fe4-N1 = 1.899(5); Fe3-Fe4 = 2.5136(13);
N1-Fe5 =1.937(5); Fel-Fe5 = 2.7068(13); Fe2-Fe5 = 2.6559(13); Fe5-Cl1 = 2.203(2); Fe5-09 =
2.022(5); Fel-Fe5-Fe2 = 86.93(4); N1-Fe5-Cl1 = 141.09(16).

2.5 Surface-Like Reactivity of Clusters with Open Coordination Sites
Whereas the addition of four CNArM®? ligands to the Fes(us-N) core in this cluster class
can activate the nitride unit towards reaction with electrophiles, it is most important that this
strategy can be exploited to augment the topological, electrochemical, and reactivity properties of
the cluster in a systematic manner. The dangling Sn—ClI group in 3 provides a site for additional

synthetic elaboration and cluster-core expansion. Treatment of the chlorostannylene cluster 3 with
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Na[BAr!4] (Arf = 3,5-(CF3)2C¢H3) proceeded with loss of NaCl to afford the salt [FesSn(us-
N)(CO)s(CNArMes2),][BArt4] ([4]BArts), in which the divalent Sn center migrates into the core to
become the fourth basal vertex of a pseudo-square-pyramidal cluster (Figure 1). Notably, [4]" is a
cationic analogue to the classical carbide cluster Fes(ps-C)(CO)1s in which a [Fe(CO)3] fragment
has been replaced by a Sn(Il) cation.? The Fe-Fe distances in Fes(us-C)(CO)is and [4]" are
comparable, but the larger Sn center of the latter significantly distorts the square base of the
pyramid. Accordingly, this cluster rearrangement mimics the atomic scale restructuring of metal
surfaces, which has been proposed to introduce structural strain in order to optimize coordination

numbers with nearest-neighbor atoms.>

[BArF,I-

Scheme 2.6. Cluster reorganization resulting from halide abstraction to yield [FesSn(us-
N)(CO)s(CNArMes2),][BArt4] ([4]BATES).
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Figure 2.10. Solid-state structure of the cation of [FesSn(u>-N)(CO)s(CNArMe2),][BArf4]- (Et20)
(4:(Et20)). Omitted items include the BAr4 counter ion, which contains disordered fluorine atoms,
disorder of the cluster core, and one co-crystallized diethyl ether molecule. Selected bond distances
(A) and angles (°): Fe1-N1=1.823(4); Fe2-N1 = 1.862(4); Fe3-N1 = 1.870(4); Fe4-N1 = 1.877(4);
Fe3-Fe4 = 2.5583(10); N1-Snl = 2.181(4); Fel-Snl = 2.736(19); Fe2-Snl = 2.9090(8); Fe4-Sn1
=2.8243(8); Fel-Snl1-Fe2 = 81.36(4); Sn1-N1-Fe3 = 173.5(2).

Cyclic voltammetry measurements on [4]BArfs also illustrate that cluster-expansion
reactions with electropositive elements can significantly tune the electrochemical response of
strong-field iron clusters. In THF solution, two reversible reduction events centered at —0.42 V and
—0.65 V vs. SCE were observed for [4]BArfs. Accordingly, the presence of the Sn center in [4]",

coupled with the unipositive charge, allows for the onset of two reductions at far less negative
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potentials than for the all-carbonyl cluster [Fes(pns-N)(CO)i2]". Importantly, this effect is
reminiscent of the role played by Ca?" in tuning the redox potential of the Mn3Ca OEC cluster of
photosystem 11,272 and demonstrates that the increased electron-rich character of isocyanide-

containing strong-field clusters can be partially mitigated by judicious cluster-growth strategies.
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Figure 2.11. Cyclic voltammogram of [4]BArf4. See Ch. 2.8 for conditions.

In 5, it is also notable that the [FeCl(THF)] unit bares resemblance to mononuclear, S =2
FeCl(THF)(dipyrromethene) complexes, which have been established by Betley to generate
reactive iron nitrene species that effect C-H bond amination upon addition of organoazides.?**° In
the case of cluster 5, the Fes(ps-N) core can be viewed as a multimetallic ligand to the [FeCI(THF)]
fragment and can potentially participate in substrate activation. Indeed, treatment of 5 with p-tolyl
azide proceeded with loss of CO, N, and THF to the five-iron cluster FesCI(us-N)(u2-
NTol)(CO)7(CNArMes2), (6; Scheme 2.7, Figure 2.12), featuring both bridging nitrido and imido
moieties (Figure 2). Most importantly, substrate activation by 5 induces cluster reorganization to

the square-pyramidal cluster 6. While the mechanistic sequence leading to 6 is not presently
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known, the resultant iron imido unit further incorporates itself into the cluster framework by iron-
centered oxidation of the unsubstituted [Fe(CO)s] vertex and displacement of CO. This
combination of metal-atom restructuring and formal 2 e~ oxidation over two metal centers evokes

the polynuclear hypothesis of substrate activation by both enzymatic cofactors and heterogeneous

catalysts.>!

Scheme 2.7. Synthesis of FesCl(us-N)(u2-NTol)(CO)7(CNArMes2), (6) by activation of p-tolyl
azide.
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Figure 2.12. (Top) Solid-state cluster core of FesCl(u’-N)(u>-NTol)(CO);(CNArM2), (6).
(Bottom) Full molecular structure of 6 with H-atoms omitted. Selected bond distances (A) and
angles (°): Fel-N1 = 1.851(2); Fe2-N1 = 1.841(2); Fe3-N1 = 1.898(2); Fe4-N1 = 1.918(2); Fe3-
Fed4 = 2.5821(8); N1-Fe5 = 1.962(2); Fel-Fe5 = 2.7087(7); Fe2-Fe5 = 2.7241(7); Fe5-Cll =
2.1972(9); Fe4-Fe5 =2.4041(7); Fe5-N6 = 1.871(3); Fe4-N6 = 1.822(2); Fel-Fe5-Fe2 = 85.51(2);
N1-Fe5-Cll1 = 140.08(7); Fe4-N6-Fe5 = 81.22(10).
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2.6 Concluding Remarks

In the present case, the enhanced electronic properties enabled by multiple ligand
substitutions can impart strong-field molecular iron carbonyl clusters with multi-site reactivity by
stepwise cluster expansion. Accordingly, we anticipate that this strategy will allow such clusters

to mediate a range of multi-electron transformations in a general manner.

2.7 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of
purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise stated,
reagent-grade starting materials were purchased from commercial sources and either used as
received or purified by standard procedures.’? Solvents were dried and deoxygenated according to
standard procedures.’®> Benzene-ds (Cambridge Isotope Laboratories) was distilled from NaK
alloy/benzophenone and stored over activated 3 A molecular sieves for 2 d prior to use. Celite 405
(Fischer Scientific) was dried under vacuum (24 h) at a temperature above 250 °C and stored in a

glovebox prior to use. Compounds CNArMes2

and [Na(diglyme):][FesN(CO)12] were prepared as
previously reported.’*!3

Solution 'H and 3C {'H} NMR spectra were recorded on a Varian Mercury 400 or a Varian
X-SENS 500 spectrometer. 'H and '*C{'H} chemical shifts are reported in ppm relative to SiMes4
('H and *C & = 0.0 ppm) with reference to residual solvent resonances of 7.16 ppm (‘H) and
128.06 ppm (3C) for C¢Ds. FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR

spectrometer. Samples were prepared as KBr pellets or CsDs or THF solutions injected into a

ThermoFisher solution cell equipped with KBr windows. Solvent peaks were digitally subtracted
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from all solution FTIR spectra by comparison with an authentic solvent spectrum obtained prior
to that of the sample. The following abbreviations were used for the intensities and characteristics
of important IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very
weak; sh = shoulder. Combustion analyses were performed by Midwest Microlabs of Indianapolis,
IN (USA) with the exception of Feq(TI-N)(CO)s(CNArM2),, which was analyzed by Robertson

Microlit Laboratories of Madison, New Jersey (USA).

Preparation of HFesN(CO)s(CNArMe?), (1-H). A Schlenk flask was loaded with
CNArMes2 (1.67 g, 4.93 mmol, 4.2 equiv.), benzoic acid (0.164 g, 1.17 mmol, 1 equiv.), and
[Na(diglyme):][FesN(CO)12] (1.01 g, 1.17 mmol, 1 equiv.). To this mixture was added 60 mL
benzene. The resulting slurry was heated to reflux for 21 h and then evaporated to dryness in vacuo.
The product was extracted in EtoO and filtered through Celite to remove the benzoate byproduct.
Storage of a n-pentane solution of HFe4sN(CO)s(CNArMes2), at room temperature for 1 d provided
analytically pure black/red crystals suitable for X-ray diffraction. Yield: 0.852 g, 0.468 mmol,
40%. '"H NMR (500.2 MHz, CsDs, 20 °C): & = 7.06 (s, 5H), 7.04 (s, 4H), 6.98 — 6.82 (m, 19H),
2.39 (s, 12H), 2.36 (s, 9H), 2.34 (s, 6H), 2.26 (s, 9H), 2.24 (s, 6H), 2.22 (s, 9H), 2.14 (m, 12H),
2.13 (s, 9H), —30.88 (s, 1H) ppm. *C{'H} NMR (125.7 MHz, C¢Ds, 20 °C): & = 213.8(c0),
212.7co), 212.5(co), 207.0(co), 182.7(cn), 176.4cn), 174.5cn), 173.1cen), 139.19, 139.14, 138.9,
137.7, 137.44, 137.42, 137.2, 136.1, 135.79, 135.75, 135.72, 135.67, 135.62, 135.45, 135.0,
134.58,134.52,129.8,129.7, 129.5, 129.38, 129.36, 129.30, 129.20, 129.17, 129.13, 128.9, 128.6,
127.7,127.53, 127.47, 127.2, 21.53, 21.50, 21.39, 21.37, 21.28, 20.9, 20.8, 20.6, 20.5, 20.4 ppm.
FTIR (KBr windows, THF, 25 °C): v(C=N) = 2124 (vw), 2090 (vs), 2073 (vs), 2044 (s) cm!,

v(C=0) =2019 (m), 1999 (m), 1979 (s), 1931 (vw) cm™', also 1615, 1464, 1416, 1377, 1252, 1033,
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849, 805, 756, 652, 603 cm™'. Anal. Calcd for CiosH101FesNsOs: C, 71.26; H, 5.59; N, 3.85. Found:

C, 71.20; H, 5.63; N, 3.85.

Preparation of Na[FesN(CO)s(CNArM#2),] (Na[1]). To a resealable ampoule charged
with NaOz-Bu (0.0651 g, 0.676 mmol, 1.1 equiv.) was added a THF solution of 1-H (1.12 g, 0.615
mmol, 1 equiv.). The solution was stirred at 60 “C for 5 h, and all volatiles were then removed in
vacuo. The product was extracted in 3:1 n-pentane/Et;0, filtered through fiberglass filter paper to
separate from unreacted NaOz-Bu, and evaporated to dryness. Analytically pure material was
obtained from a saturated n-pentane solution stored at —35 °C over 1 day. Yield: 1.04 g, 0.566
mmol, 92%. Crystals suitable for X-ray diffraction were grown from a saturated n-pentane solution
(~0.75 mL) combined with 10 drops of Et2O and 3 drops of benzene and storing the resulting
solution at —35 °C for 2 days. 'H NMR (500.2 MHz, C¢Ds, 20 °C): & = 7.10 (s, 2H), 7.09 (s, 1H),
7.07 (s, 2H), 7.05 (s, 2H), 7.02 (s, 4H), 6.99 — 6.85 (m, 13H), 6.77 (m, 4H), 2.41 (s, 6H), 2.39 (s,
6H), 2.34 (s, 6H), 2.31 (s, 6H), 2.29 (s, 6H), 2.28 (s, 6H), 2.26 (s, 6H), 2.10 (br s, 9H), 2.09 (s,
9H), 2.06 (s, 6H) ppm. BC{'H} NMR (125.7 MHz, C¢Ds, 20 °C): & = 218.0(co), 216.7co),
216.3(co), 215.4(co), 184.3(cn), 180.5(eny, 177. 7Ny, 139.4, 139.2, 137.73, 137.70, 137.2, 136.9,
136.5, 136.1, 135.92, 135.90, 135.88, 135.8, 135.6, 135.5, 135.4, 130.4, 129.9, 129.8, 129.54,
129.47,129.4,129.3,129.2,129.1, 129.0, 128.9, 127.3, 126.92, 126.86, 126.81, 25.8, 21.63, 21.57,
21.0, 20.9, 20.8, 20.6, 20.3 ppm. FTIR (KBr windows, THF, 25 °C): v(C=N) 2083 (w), 2040 (s),
2014 (vs) em™!, v(C=0) = 1998 (vs), 1958 (vs), 1938 (sh), 1909 (sh) cm™!, also 1615, 1578, 1560,
1416, 1035, 846, 802, 755, 632, 592, 565 cm™!. Anal. Calcd for CiosHi00FesNsNaOs: C, 70.41; H,

5.47; N, 3.80. Found: C, 69.92; H, 5.59; N, 3.69.
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Preparation of FesN(CO)s(CNArMe?), (1). A colorless n-pentane solution of trityl
chloride (0.223 g, 0.800 mmol, 1.1 equiv.) was added to a stirring Et,O solution of red/brown
Na[FesN(CO)s(CNArMes2)4] (1.34 g, 0.727 mmol, 1 equiv.) in a scintillation vial, and the resulting
mixture was stirred for 30 minutes. The solution gradually lightened as a white film deposited on
the vial walls and dark precipitate formed. The solution was decanted off, and the remaining black
solid was washed five times with Et2O. The product was dissolved in THF, filtered through Celite
to remove NaCl, and evaporated to dryness to yield analytically pure FesN(CO)s(CNArMes2),,
Yield: 0.981 g, 0.539 mmol, 74%. X-ray diffraction quality crystals were grown from a 1:5 THF/n-
pentane solution stored at room temperature overnight. u.sr (Evans Method; 400 MHz, CsD¢ with
(Me,S1),0 reference, 20 °C, 4 runs): 1.74(+0.09) ug FTIR (KBr windows, CsDs, 25 “C): v(C=N)
= 2120 (sh), 2085 (vs), 2060 (vs) cm™!, v(C=0) = 2007 (m), 1991 (s), 1978 (vs), 1971 (vs), 1965
(vs), 1951 (m), 1939 (m), 1908 (w) cm™!, also 2956 (m), 2921 (m), 1581 (w), 1415 (w), 1377 (w),
1036 (w), 849 (w), 756 (w) cm™!. Anal. Calcd for CiosH100FesNsOsg » CsHia: C, 71.75; H, 6.13; N,

3.70. Found: C, 71.44; H, 6.04; N, 3.67.

Preparation of Fes(TI-N)(CO)s(CNArMe2), (2). THF (5 mL) was added to solid TIOTf
(0.0234 g, 0.066 mmol, 1.05 equiv.) and Na[FesN(CO)s(CNArM*=2),] (0.116 g, 0.063 mmol, 1
equiv.), and the solution was stirred for 30 minutes. The reaction mixture was evaporated in vacuo
revealing a brown solid and a white precipitate coating the vial. The solid was dissolved in a 2:1
n-pentane/Et2O mixture, stirred for two minutes, and evaporated to dryness. This process was
repeated 3 times before filtering through Celite to ensure the removal of NaOTf and unreacted
TIOTf. Analytically pure X-ray diffraction quality crystals were grown from 5:1 n-pentane/Et2O

solution stored at room temperature overnight. Yield: 0.119 g, 0.059 mmol, 93%. '"H NMR (500.2
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MHz, C¢Ds, 20 °C): 6 =7.12 (s, 2H), 7.10 (s, 1H), 7.07 (s, 2H), 7.04 (s, 2H), 7.02 (s, 4H), 7.00 —
6.92 (m, 8H), 6.89 — 6.84 (m, 5H), 6.76 (br s, 4H), 2.46 (s, 6H), 2,44 (s, 6H), 2.38 (s, 6H), 2.34 (s,
6H), 2.32 (s, 6H), 2.31 (s, 6H), 2.27 (s, 6H), 2.26 (s, 6H), 2.12 (s, 6H), 2.11 (s, 6H), 2.02 (br s,
12H) ppm. BC{'H} NMR (125.7 MHz, C¢Ds, 20 °C): 8 = 216.4(c0), 216.3(c0), 215.9(c0), 215.6(c0),
213.9(co), 181.3(cny, 180.4(cn), 176.9(cny, 176.8(cn), 139.5,139.3,137.6, 137.4,137.0, 136.0, 135.9,
135.8, 135.66, 135.63, 135.22, 135.20, 130.2, 130.0, 129.8, 129.46, 129.37, 129.23, 129.21,
129.18, 129.14, 129.09, 129.02, 128.96, 128.4, 127.6, 127.5, 127.3, 127.2, 21.8, 21.57, 21.54,
21.51,21.00, 20.98, 20.94, 20.88, 20.85, 20.80, 20.76, 20.73, 20.69, 20.65, 20.63 ppm. FTIR (KBr
pellet, 25 °C): v(C=N) = 2157 (vw), 2068 (vs), 2032 (vs) cm ™!, o(C=0) = 1992 (vs), 1962 (s), 1933
(m), 1924 (m), 1910 (m) cm™!, also 2970 (m), 2917 (m), 2862 (m), 1617 (w), 1577 (w), 1414 (m),
1375 (m), 848 (w), 803 (w), 755 (w) cm™!. Anal. Calcd for CiosH100FesNsOsTl: C, 64.10; H, 4.98;

N, 3.46. Found: C, 63.96; H, 5.08; N, 3.38.

Preparation of Fes(CISn-N)(CO)s(CNArMe2), (3). SnCl, (0.0204 g, 0.108 mmol, 1.5
equiv.) was slurried in 3 mL Et2O for 5 minutes before being combined with a thawing solution of
Na[FesN(CO)s(CNArMes2),] (0.132 g, 0.0716 mmol, 1 equiv.) in Et,0. The mixture was stirred for
30 minutes as it warmed to room temperature, at which time solvent was removed in vacuo. The
resulting solid was slurried in 5 mL n-pentane for 5 minutes to fully precipitate NaCl and unreacted
SnCl. The product was extracted by adding 2 mL Et;0O to this solution and filtering through Celite.
Analytically pure crystals were grown from a 5:1 n-pentane/Et;O solution at —35 °C for 1 day.
Yield: 0.124 g, 0.063 mmol, 88%. 'H NMR (500.2 MHz, C¢Ds, 20 °C): = 7.10 (s, 3H), 7.06 (m,
3H), 7.02 (s, 4H), 6.99 (s, 3H), 6.94 (s, 3H), 6.93 — 6.81 (m, 12H), 2.46 (s, 9H), 2.45 (s, 9H), 2.32

(br's, 3H), 2.30 (s, 6H), 2.28 (s, 3H), 2.27 (s, 6H), 2.25 (s, 9H), 2.22 (br s, 18H), 2.15 (s, 6H), 2.12
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—2.09 (m, 3H) ppm. *C{'H} NMR (125.7 MHz, C¢Ds, 20 °C): & = 218.2(c0), 216.5(c0), 213.5(c0),
206.4(co), 177.4(cny, 168.9(en), 167.8(cn), 165.9en), 139.7,139.5,138.0, 137.8,137.6, 137.4, 135.9,
135.8,135.73, 135.66, 135.63, 135.55, 135.4, 135.1, 134.75, 134.72, 134.6, 130.3, 130.16, 130.07,
129.7, 129.5, 129.4, 129.3, 129.2, 129.1, 129.0, 128.9, 128.6, 127.75, 127.72, 127.6, 21.7, 21.4,
21.1, 20.74, 20.70, 20.61, 20.55 FTIR (KBr windows, CsDs, 25 °C): v(C=N) = 2165 (vw), 2081
(vs), 2055 (sh) cm™!, v(C=0) = 1998 (s), 1983 (s), 1962 (m), 1943 (w) cm!, also 2978 (m), 2867
(m), 1540 (w), 1416 (w), 1379 (w), 1118 (m), 1045 (w), 850 (w), 756 (w), 680 (w), 669 (w) cm ™.
Anal. Caled for CiosHi00ClFesNsOgSn: C, 65.73; H, 5.11; N, 3.55. Found: C, 66.01; H, 5.38; N,

3.22.

Preparation of [FesSn(u>-N)(CO)s(CNArMe2)[BArF4] (4). A Et,0 solution of NaBAr*,
(0.042 g, 0.048 mmol, 1 equiv.) was added to Fe4(CISn-N)(CO)s(CNArM=2),] (0.094 g, 0.048
mmol, 1 equiv.), and the solution was stirred for 15 minutes. Solvent was removed in vacuo, and
benzene was added to the resulting solid to separate the product from NaCl and unreacted
NaBArts. This solution was filtered through Celite and evaporated to dryness. The solid was
dissolved in Et;O, and n-pentane was slowly added until an oily precipitate began to form. This
saturated solution was then filtered through a fiberglass filter paper pipet and allowed to sit at room
temperature  overnight producing large, analytically pure crystals of [FesSn(u’-
N)(CO)3(CNArMes2),][BArt4]. Yield: 0.126 g, 0.045, 94%. 'H NMR (500.2 MHz, C¢Ds, 20 °C): &
= 8.45 (s, 8H, 0-Arf?%), 7.68 (s, 4H, p-Art?*), 7.08 (t, 1H, J = 7.7 Hz, p-Ph), 7.04 — 6.82 (m, 21H),
6.82 — 6.46 (br m, 6H), 2.50 (br s, 4H), 2.44 (s, 6H), 2.30 (s, 9H), 2.13 (s, 10H), 2.11 (s, 19H),
2.08 (s, 6H), 2.03 (s, 6H), 1.81 (s, 12H) ppm. BC{'H} NMR (125.7 MHz, C¢Ds, 20 °C): & =

215.8(co), 213.2(c0), 212.2(co), 211.2(co), 203.6(co), 202.2(c0), 166.4(cN), 166.2(cN), 163.7cn), 162.4
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(g, JB-c =49.8 Hz), 156.9(cn), 135.78, 135.69, 135.5, 135.2, 134.2, 130.64, 130.56, 130.2, 129.9
(9, 2Jcr=31.5 Hz) 129.89, 129.2, 127.6, 127.4, 127.2, 126.5, 125.3 (q, 'Jc.r = 272.5 Hz), 118.0,
21.30, 21.29, 21.0, 20.48, 20.44, 20.3, 20.2 ppm. FTIR (KBr pellet, 25 °C): v(C=N) = 2168 (vw),
2124 (vs), 2085 (s) cm™!, v(C=0) = 2028 (s), 2009 (vs), 1992 (vs), 1973 (s), 1954 (s) cm™!, v(C—
F) 1356 (vs), 1280 (vs), 1128 (s) cm™!, also 2964, 2924, 2862, 1612, 1452, 804, 756, 714, 683, 674
cm!. Anal. Calcd for Ci40H112BF24FesNsOgSn: C, 60.03; H, 4.03; N, 2.50. Found: C, 60.24; H,

4.09; N, 2.57.

Preparation of Fes(FeCl(THF)-N)(CO)s(CNArM?), (5). THF (3 mL) was added to
FeCl, (0.021 g, 0.167 mmol, 1.5 equiv.), and the resulting suspension was stirred for 30 minutes.
A thawing Et;O solution of Na[FesN(CO)s(CNArMe2),] (0.205 g, 0.111 mmol, 1 equiv, 3 mL) was
added to the FeCl, suspension, and the mixture was stirred for 30 minutes. All volatiles were
removed in vacuo. The solid was twice slurried in n-pentane and dried, and the resulting product
was extracted in Et;O and filtered through Celite. Yield: 0.201 g, 0.104 mmol, 91%. Crystals
suitable for X-ray diffraction were grown from a saturated n-pentane/Et>O solution (5:1) combined
with 3 drops of benzene and storing the resulting solution at —35 °C for 2 days. uetr (Evans Method;
400 MHz, C¢Ds with (Me;Si),0 reference, 20 °C, 3 runs): 4.94(+0.11) us. FTIR (KBr windows,
CeDs, 25 °C): v(C=N) = 2119 (sh), 2072 (vs) ecm™!, v(C=0) = 2012 (sh), 1986 (s), 1952 (m), 1927
(sh) cm™, also 2959 (m), 2931 (m), 1614 (w), 1574 (w), 1463 (w), 1415 (w), 1377 (w), 1119 (w),
1045 (w), 1014 (w), 850 (w), 756 (w), 566 (w) cm!. Despite multiple attempts, satisfactory

combustion analysis on compound S could not be obtained.
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Preparation of FesCl(u5-N)(u2-NTol)(CO)7(CNArMe2), (6). To a thawing Et,O solution
of Fe4(FeCI(THF)-N)(CO)s(CNArMes2), (0.154 g, 0.078 mmol, 1 equiv.) was added a 0.5 M 4-
azidotoluene solution in MTBE (0.187 mL, 0.094 mmol, 1.2 equiv.). The mixture was stirred for
10 mintues before evaporating to dryness. Storage of a n-pentane solution of the resulting solid
overnight at -35 °C deposited FesCl(u>-N)(u>-NTol)(CO)3(CNArMe2?), as a black,
microcrystalline powder. Yield: 0.143 g, 0.072 mmol, 92%. X-ray diffraction quality crystals were
grown by dissolving 0.080 g of the powder in 1 mL of toluene, reducing the volume to Y4, adding
0.25 mL n-pentane, and storing the solution at —35 °C for 3 days. uesr (Evans Method; 400 MHz,
CsDs with (Me,S1),0 reference, 20 °C, 4 runs): 3.36(+0.04) us. FTIR (KBr windows, C¢Ds, 25
°C): v(C=N) = 2113 (sh), 2082 (vs) cm!, v(C=0) = 1993 (s), 1971 (s), 1948 (s) cm™!, also 2960
(m), 2861 (m), 1614 (w), 1569 (w), 1540 (w), 1415 (w), 1377 (w), 1161 (w), 1045 (w), 850 (w),
756 (w) cm™!. Despite multiple attempts, satisfactory combustion analysis on compound 6 could

not be obtained.

2.8 Electrochemical Studies

Experimental details. Cyclic voltammetry measurements were carried out using a EG&G
potentiostat (PAR-model 263A) and an electrochemical cell with a Pt disk working electrode, Pt
wire counter-electrode, and Ag as a (pseudo) reference electrode. Measurements were performed
in an argon-filled glovebox using a room temperature THF solution of FesN(CO)s(CNArMes2), (1)
or [FesSn(u>-N)(CO)s(CNArMes2),][BArfs] (4) containing [(n-Bu)saN][PFs] (0.1 M) using
decamethylferrocene as an external standard (Cp*Fe/Cp™Fe* = +0.102 V vs. SCE in THF)® at a
scan rate of 0.1 V/s. For compound 1, one reversible redox wave was observed centered at —0.65

V vs. SCE. The peak-to-peak separation (118 mV) is fairly large for a one-electron process but
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can be explained by the semi-bridging carbonyl rearrangement that takes place in reduction of 1
to 1-. For compound 4, two quasi-reversible waves were observed at —0.42 and —0.65 V with peak-
to-peak separations of 117 and 95 mV, respectively, also consistent with one-electron processes.
For clusters 1 and 4, scanning to both more negative and more positive potentials resulted in the
appearance of unidentified irreversible redox events and decreased reversibility of the existing

waves presumably due to cluster degradation.

2.9 Results of EPR Measurements and Simulations

X-Band EPR Measurements. The X-Band continuous wave (CW) EPR spectrum of
FesN(CO)s(CNArMes2), (1) was measured on a Bruker E500 spectrometer equipped with a Bruker
ER 041 X Microwave Bridge and a liquid nitrogen cooling system. The spectrum was recorded in
a 4 mm quartz tube at 295 K, and the magnetic field was calibrated with DPPH. The sample was
prepared in a nitrogen-filled glovebox using dry toluene as the solvent.

Input file for Easyspin EPR simulation.

Sys.g=[2.0335]

Sys.lwpp=[1.0205, 5.0531]

Sys.HStrain=[10.2316, 4.1607, 17.9942]

Exp.mwFreq=[9.3949]

Exp.CenterSweep=[325, 40]
garlic(Sys,Exp);
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2.10 Details of Crystallographic Structure Determinations

General. Single X-ray structure determinations were performed at 100 K on Bruker Kappa
diffractometers equipped with a Mo radiation source and an APEX-II CCD area detector. All
structures were solved via direct methods with SHELXS?® and refined by full-matrix least-squares
procedures using SHELXL?® within the Olex237 software. The Platon routine SQUEEZE?*® was
used to account for residual electron density in solvent accessible voids in all structures except
compound 5. All hydrogen atoms were omitted for clarity except the hydride in H-1.

Crystallographic data collection and refinement information is listed in Tables 2.1-3.
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Table 2.1. Crystallographic Data Collection and Refinement Information.

Name
Formula
Crystal System
Space Group
a, A
b, A
¢, A

a, deg

B, deg

Y, deg
vV, A3
Z

Radiation
(., A)
p (calcd.),
Mg/m?
1 (Mo Kav),
mm™!
Temp, K

0 max, deg
data/
parameters
R

wR 2

GOF

HFesN(CO)s

(CNAMe2), (1-H)

CiosHi01FesNsOs
Monoclinic
P2y/c
26.2689(13)
14.8266(8)
28.5060(16)
90
105.0720(10)
90
10720.5(10)

4
Mo-Ka, 0.71073
1.128
0.583
100
25.414
19727/1154
0.0487
0.1277

1.031

Na[FesN(CO)s

(CNArMe2),] (Na[1])

CiosH101FeaNsNaOsg
Orthorhombic
Pna2,
25.2307(5)
47.9356(10)
16.2220(3)

90
90
90
19619.7(7)

8
Mo-Ka, 0.71073
1.247
0.642
100
25.391
35952/2354
0.0592
0.1362

1.017

45

FesN(CO)s
(CNArMe2), (1)
C1osH100FesNsOs
Triclinic
P-1
15.3902(7)
15.4068(7)
24.9702(10)
78.7400(10)
79.4810(10)
63.6120(10)
5170.8(4)

2
Mo-Ka, 0.71073
1.169
0.604
100
27.106
22662/1150
0.0409
0.1084

1.048



Table 2.2. Crystallographic Data Collection and Refinement Information.

Name

Formula
Crystal System
Space Group
a, A
b, A
¢, A

a, deg

B, deg

¥, deg

vV, A3
Z

Radiation
., A)
p (calcd.),
Mg/m?
1 (Mo Ko,
mm™!
Temp, K

0 max, deg
data/
parameters
R,

wR 2

GOF

Fes(TI-N)(CO)s
(CNAMe2Y, (2)

CiosHi01FeaNsOgTI

Orthorhomic
Pna2i/c
25.412(4)
48.035(7)
15.994(3)
90
90
90
19524(5)

8
Mo-Ka, 0.71073
1.377
2.283
100
25.039
30180/2215
0.0385
0.0756

0.902

Fe4(CISn-N)(CO)s

(CNAr*2)4] (3)

CiosH101ClFesNsNaOgSn

Monoclinic
P2,
16.322(3)
16.712(3)
20.200(4)
90
104.703(6)
90
5329.9(18)
2
Mo-Ka, 0.71073
1.230
0.844
100
25.455
19602/1198
0.0495
0.1140

1.001

46

FesSn(u>-N)(CO)s
(CNAPMe2),-(Et,0)

(4)-(Et20)

C144H122BF24Fe4N509Sn

Triclinic
P-1
17.5467(7)
19.5121(7)
21.9968(9)
82.630(2)
69.560(2)
78.008(2)
6890.2(5)
2
Mo-Ka, 0.71073
1.386
0.680
100
25.401
25219/1663
0.0594
0.1308

1.030



Table 2.3. Crystallographic Data Collection and Refinement Information.

Name

Formula
Crystal System
Space Group
a, A
b, A
¢ A

o, deg
B, deg
Y, deg
v, A3
Z

Radiation
(x, A)
p (calcd.),
Mg/m?
1 (Mo Kay),
mm™!
Temp, K

0 max, deg
data/
parameters
R;

wR 2

GOF

Fe4(FeCl(THF)-N)(CO)s
(CNArMes2),-(CeHp)

(5-CsHe)

C11sH114ClFesNsO9

Monoclinic
P2i/c
13.5164(4)
24.9908(8)
31.2760(13)
90
99.990(2)
90
10404.4(6)
4
Mo-Ka, 0.71073
1.316
0.767
100
21.935
12616/1328
0.0587
0.1141

1.024

47

FesCl(u>-N)(u*-NTol)
(COY,(CNAM<2), (6)

C114H107CIFesNsO7

Triclinic
P-1
14.997(2)
16.035(3)
24.198(4)
92.419(5)
99.610(6)
114.610(5)
5329.9(18)
2
Mo-Ka, 0.71073
1.276
0.767
100
25.393
18949/1223
0.0449
0.1041

1.017
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Chapter 3

Terminal Coordination of Diatomic Boron Monofluoride to
Iron

3.1 Introduction

Carbon monoxide (CO) is among the most widely studied ligands in organometallic
chemistry. Since the original report of a CO coordination compound 150 years ago' and the
discovery of the first homoleptic metal carbonyl Ni(CO)4 in 1890, the coordination chemistry of
CO has occupied a central role in the development of the reactivity and electronic structure theory
of transition-metal complexes.>* The binding of CO to transition metals has been described
classically by the Dewar-Chatt-Duncanson bonding model.>¢ In the terminal coordination mode,
o-donation from the carbon-centered lone pair of CO to an empty, acceptor orbital on the metal
provides a primary bonding interaction. However, this metal-CO linkage is fortified by =-
backdonation interactions from filled metal-based d-orbitals to the ©* orbitals of CO.” The success
of CO as a ligand is derived from the polarized nature of the C-O triple bond, which renders both
its o-donor and m-acceptor functionalities energetically well matched for interaction with a
transition metal.® Diatomic molecules and ions that are isoelectronic and isolobal to CO— such as
N, CN-, and NO*—are also widely known to bind transition metals.” However, the less polarized
nature of these diatomics substantially alters their properties as ligands. Indeed, N> has
comparatively lower-energy c-donor orbitals and higher-energy n* orbitals than those of CO,

which limits its binding ability.®° In addition, the ©* orbitals of CN~ are too high in energy for
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effective m-backdonation, and although NO" is a strong m-acid, it is a relatively weak m-donor
ligand.®?

It has long been recognized that the quintessential neutral, yet highly polarized,
isoelectronic analog to CO is boron monofluoride (BF).!%"!*> Diatomic BF has been predicted to
bind even more favorably to transition metals owing to a decreased HOMO/LUMO gap (HOMO,
highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital) relative to that

16-19 However, this electronic

of CO, leading to both more potent c-donor and m-acceptor abilities.
feature also renders the free BF molecule far more reactive than CO. As such, BF is not a stable
molecule at room temperature. It must be prepared under low pressure between 1800° to 2000°C,
and it quickly oligomerizes upon cooling.!!:'%1* Whereas coordination to transition metals is often
used as a strategy for the stabilization of highly reactive species, fluoroborylene complexes, in
which BF serves as a terminal ligand, have remained long-sought synthetic targets that have eluded
isolation.!*?%24 Here, we report the preparation and X-ray crystal structure of a terminal
fluoroborylene complex of iron that possesses sufficient kinetic stability for isolation at room
temperature. In addition, the iron-based molecular platform presented here allows for the direct
comparison of the structural and electronic consequences of BF coordination relative to those of
the neutral isoelectronic diatomic molecules CO and No.

To prepare a terminal fluoroborylene complex amenable to isolation, we chose to construct
the BF unit directly within the coordination sphere of a kinetically stabilizing metal center.
Previously, Vidovic and Aldridge reported that two equivalents of the ruthenium-based
nucleophile Na[CpRu(CO)z] (Cp, cyclopentadienyl; [CsHs]") reacts with boron trifluoride diethyl
etherate (BF3-Et2O) with the formal loss of two equivalents of sodium fluoride (NaF) to produce

the bridging BF complex (u2-BF)[CpRu(CO):]2.2° The latter is the only crystallographically
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characterized compound in which BF functions as a ligand to metal centers. We reasoned that a
mononuclear terminal BF complex could be similarly obtained through salt elimination, if a
sterically encumbered, dianionic metal-based nucleophile were used to prevent the addition of two
metals to a single boron atom. Accordingly, the formally Fe(-11) species, Ko[Fe(CO)2(CNArT™Pp2),]
(Ko[1]; ArTripp2 = 2,6-(2,4,6-(i-Pr);CeH2)2CsH3; Scheme 3.1, Figure 3.1), was developed for this
purpose because of the presence of two encumbering meta-terphenyl isocyanide ligands® and its
overall isolobal relationship to Collman’s reagent, the well-known dianionic, iron-based

nucleophile [Fe(CO)4]*.2¢

2 2_K+|2_
‘l’ \

N
I
cI:
Fe(CO)s I KCq Fe
Fe—C=0 ———» Fe — VRS
THF, hy oc™ | Et,0 o™ | ~, THF 2C Csn
-2€0 -co N
|

c c - O
(] 1] O
:
Scheme 3.1. Synthesis of Kz[Fe(CO)2(CNAr™PP2),] (K2[1]) and complexes Fe(CO)3(CNAr'Pp2),
(4) and Fel»(CO)2(CNAr™™PP2), (5) starting from Fe(CO)s and CNAr™Pp2,
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Figure 3.1. Solid-state structure of one of two molecules of Ky[Fe(CO)2(CNAr™P2),] (K,[1]) in
the asymmetric unit. One fully occupied and two 80% occupied molecules of co-crystallized
toluene are omitted for clarity.

3.2 Synthesis and Characterization of a Terminal Fluoroborylene Complex

Treatment of K;[1] with 1.0 equivalent of BF3-Et;O in a cold diethyl ether/n-hexane
mixture (9:1; —100°C), followed by the removal of salts and analysis by 'H nuclear magnetic
resonance (NMR) spectroscopy, revealed the presence of unreacted K>[1] and a new diamagnetic
product. However, treatment of K»[1] with 2.5 equivalents of BF3-Et,O under the same conditions
resulted in a distinct color change to yellow-brown from red, with 'H NMR spectroscopy
indicating ~90% conversion to this new product. Crystallization of the reaction mixture from n-
hexane produced yellow single crystals, which were determined by means of X-ray
crystallography to be the five-coordinate complex Fe(BF)(CO)2(CNAr™PP2), (2), featuring a

terminally bound fluoroborylene ligand (Scheme 3.2, Figure 3.2).
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Scheme 3.2. Synthesis of Fe(BF)(CO)2(CNAr™P2), (2) via a proposed difluoroboryl intermediate.
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Figure 3.2. Solid-state structure of Fe(BF)(CO)2(CNAr'™Pp2), (2).

Analysis by means of "F NMR spectroscopy of the salts produced from the reaction
revealed tetrafluoroborate ([BF4]") ion as a by-product (Figure 3.3—Figure 3.6), suggesting that a
second equivalent of BF3 promotes fluoride loss during the formation of 2. A reasonable
mechanism for the formation of 2 is one that proceeds through an unobserved iron difluoroboryl
intermediate (Scheme 3.2), the formation or fragmentation of which through fluoride ion
elimination is aided by a second equivalent of BF3. Accordingly, this inference allowed the

synthesis to be optimized by using 2.8 equivalents of BF3-Et,O, which resulted in the complete
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conversion to 2 and allowed for its isolation as a room-temperature stable, yellow crystalline

material in 82% yield.
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Figure 3.3. '”F NMR spectrum (470.6 MHz, 20 °C) of the KF and KBF, precipitate from the
reaction producing Fe(BF)(CO)2(CNAr™Pp2), (2) dissolved in DMSO-db.
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Figure 3.4. ''B NMR spectrum (160.5 MHz, 20 °C) of the KF and KBF4 precipitate from the
reaction producing Fe(BF)(CO)2(CNAr™Pp2), (2) dissolved in DMSO-db.
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Figure 3.5. 'F NMR spectrum (470.6 MHz, 20 °C) of a 1:1 molar mixture of NaF and NaBF4
dissolved in DMSO-ds. This control mixture gives rise to nearly identical spectroscopic signatures
as the precipitate produced during the formation of Fe(BF)(CO)2(CNArT™PP2), (2).
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Figure 3.6. ''B NMR spectrum (160.5 MHz, 20 °C) of a 1:1 molar mixture of NaF and NaBF4
dissolved in DMSO-ds. This control mixture gives rise to nearly identical spectroscopic signatures
as the precipitate produced during the formation of Fe(BF)(CO)2(CNArT™PP?), (2).
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Complex 2 is an isolobal analog to the simple, yet hypothetical, molecular species
Fe(BF)(CO)4, which is the most well-considered theoretical and computational model of a
fluoroborylene complex.!®! In line with this analogy, the axial 2C1-Fe—C2 bond angle in 2
(160.38(7)° is in excellent agreement with the £Cax—Fe—Cax (163.4°; ax, axial) bond angle
previously predicted for Fe(BF)(CO)s, as are the equatorial Ccq—Fe—B angles (124.6°(average) for
2 versus 123.4° for Fe(BF)(CO)s; eq, equatorial).!”!” This pronounced distortion from an ideal
trigonal bipyramidal geometry likely results from the strong c-donor properties of the BF ligand,
which, owing to orbital mixing in Cay symmetry, imparts substantial antibonding character on an
otherwise nonbonding orbital directed toward the axial isocyanide ligands.!”!° In addition, the Fe—
B bond distance in 2 (1.7703(25) A) is the shortest reported for a transition metal-boron bond
(Figure 3.22). Accordingly, this metrical parameter reflects substantial n-interactions between the
BF unit and the iron center, which are in accord with the ligand’s predicted strong m-acceptor
properties.!” However, the B-F bond distance in 2 (1.2769(29) A) is the shortest known for any
structurally characterized boron-fluorine compound (Figure 3.23 and Figure 3.24) and compares
well with the equilibrium internuclear separation of free BF in the gas phase (1.262672(7) A).'

The diamagnetism of 2 allows for an assessment of the BF unit with NMR spectroscopy.
In benzene-ds solution, 2 gives rise to a broad ''B NMR signal centered at 8g = +56.5 parts per
million (ppm) (full width at half maximum = 1820 Hz). This chemical shift is most similar to those
of transition-metal aminoborylene complexes (8s = +60 to 90 ppm)?’ and is downfield of that for
the formally platinum(II) oxoboryl complex trans-Pt(BO)Br(PCy3). (6B = +17 ppm) that features
a B-O triple bond akin to the cyanide ion ([CN]-).2® This difference in chemical shift signifies
that m-donation from fluorine to boron in 2 is substantially diminished relative to B-O n-bonding

in the oxoboryl group and is reflective of the greater electronegativity of the fluorine atom in the

59



BF unit. Complex 2 also gives rise to a '’F NMR resonance at 8¢ = +1.6 ppm, which is significantly
downfield relative to that found in the dinuclear bridging BF complex (pu2-BF)[CpRu(CO):]2 (or

= -185.0 ppm)?° and BF3-Et,O (8¢ = —153 ppm). Rapid quadrupolar relaxation of the I = 3/2 ''B
nucleus prevented a determination of the 'Jgr coupling constant in both the one-dimensional (1D)
"B and '"F NMR spectra of 2. However, 2D "F-!'B heteronuclear multiple-quantum coherence
(HMQC) NMR experiments (Figure 3.7)*** showed maximum cross-peak signal intensity in the
measurement optimized for 'Jgr = 650 Hz. This extremely large implied coupling constant is
consistent with the very short B-F bond distance observed in the X-ray structure of complex 2. It
also indicates that a high degree of boron s-orbital character is a major component of the bonding

within the B—F ligand.
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Figure 3.7. ""F-'"B HMQC spectrum (Ce¢D¢, 20 °C) of Fe(BF)(CO)2(CNAr™PP2), (2) acquired

using X-band decoupling and a BIRD pulse element with the experiment optimized for LJgr = 650
Hz.

3.3 Comparing the Neutral, 10 Valence-Electron Diatomic Molecules of

Period 2

To further evaluate the structural and electronic effects of terminal BF coordination, the
isoelectronic N2> and CO complexes Fe(N2)(CO)2(CNAr™PP2), (3) and Fe(CO)3(CNAr™PP2), (4)
were prepared and characterized by means of X-ray crystallography (Fig. 2A). Complexes 3 and

4 both adopt undistorted trigonal bipyramidal coordination geometries, as indicated by near-linear
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axial isocyanide 2Cl1-Fe—C2 angles (179.05(14)° for 3; 178.61(22)° for 4). These metrical
parameters contrast with the significantly bent ZC1-Fe—C2 angle of complex 2 and support the
notion that both CO and N are weaker c-donors than the BF ligand.!” Similarly, the infrared (IR)
spectroscopic data of the complexes show a clear redshift of the asymmetric vCN stretch in the
order 4 > 3 > 2 (Fig. 2A), further illustrating that the o-donor ability of BF is greatest relative to
CO and N». Accordingly, when coupled with the short Fe—B bond length in 2, the structural and
spectroscopic comparison provided by complexes 3 and 4 offers complementary support to the

conclusion that BF possesses simultaneously strong o-donor and m-acceptor characteristics.

Scheme 3.3. Synthesis of Fe(N2)(CO)(CNAr™®P2), (3) by two-electron oxidation of
Ka[Fe(CO)(CNALT#P2), (Ko[1]) with L.
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Figure 3.8. Solid-state structure of Fe(N2)(CO)(CNAr™PP2), (3). Four molecules of co-
crystallized benzene have been omitted.
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Figure 3.9. Solid-state structure of Fe(CO)3(CNAr™PP2), (4). Three molecules of co-crystallized
benzene have been omitted.

This distinct electronic character of the BF ligand is further confirmed by the Mdssbauer
spectroscopic data of 2, 3, and 4 (figs. S13 to S15). Of the series, complex 2 gives rise to the most
negative isomer shift (8 = —0.15 mms™), followed by 4 then 3 (8 = —0.08 and +0.08 mms™' ,
respectively). This trend indicates that the total bonding interactions 3! to the iron center are
greatest for complex 2 and diminish predictably as both the o-donor and m-acceptor abilities of
CO and N> weaken. Furthermore, the Mdssbauer quadrupolar-splitting values (AEq), which are

sensitive to the iron structural environment,?! are nearly identical for complexes 3 and 4 (AEq =
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1.94 and 2.02 mms™!, respectively), whereas that of 2 varies significantly (AEq = 1.27 mms™!) in

a manner consistent with the solid-state structural data for the series.

Figure 3.10.

Figure 3.11.
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37Fe Mossbauer spectrum of compound Fe(N2)(CO)2(CNAr™™PP2), (3) (blue). The red

trace has been tentatively assigned as Fe(CO),(CNAr™PP2), resulting from loss of N> during
sample sealing. The orange trace represents an unknown iron containing impurity in 2% relative

abundance.
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Figure 3.12.3Fe Mossbauer spectrum of compound Fe(CO)3(CNAr™PP?), (4) (chartreuse). The
light blue trace represents an unknown iron containing impurity in 10% relative abundance.

With respect to the bonding interactions within the BF ligand, the IR spectrum of complex
2 shows a moderately intense band centered at 1407 cm™' assignable to the v!!BF stretch (Figure
3.13). Unfortunately, the IR stretch from the !°B isotopologue, expected at ca. 1451 cm™! by a
reduced mass calculation, is masked by a band of moderate intensity at 1456 cm™' stemming from
an aromatic C-C stretch of the meta-terphenyl ligands. The band of 2 is higher in energy than that
of free BF (VBF = 1374 cm™!)*? and the matrix-produced terminal fluoroborylene complexes
Zr(BF)F, and Hf(BF)F (VBF = 1373 and 1378 cm™ !, respectively).?! However, it agrees well with
those calculated with density functional theory methods for Fe(BF)(CO)4 (VBF = 1465 cm™)!” and
the model complex Fe(BF)(CO)2(CNAr™2), (2m, vBF = 1416 cm™!; ArPh2 = 2,6-(CsHs).CsH3),
as well as that for the titanium terminal fluoroborylene species Ti(BF)F, (vVBF = 1404 ¢cm™)

observed under matrix conditions.?! Accordingly, the low energy nature of these experimental and
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calculated vBF bands provides strong indication that B-F multiple bonding is not significant in

terminal fluoroborylene complexes.
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Figure 3.13. Room-temperature solid-state FTIR spectra of compounds Fe(BF)(CO)2(CNArTPp2),
(2, left), Fe(N2)(CO)2(CNArTPP2), (3, middle), and Fe(CO)3(CNAr™PP?), (4, right) in the region
1650 — 1300 cm™!. The band of moderate intensity at 1407 cm™! in the spectrum of 2 is attributed
to the v(B-F) stretch of the !'B isotopomer. The v(B-F) stretch of the B isotopomer of 2,
calculated at ca. 1451 cm™! from a reduced mass calculation, is masked by a band of moderate
intensity at 1456 cm™ . This band is assigned to a v(C=C) stretch of the CNAr™ P2 ligand and is
also present in the spectra of 3 (1459 cm™!) and 4 (1458 cm™).

3.4 Electronic Structure Insights by Density Functional Theory (DFT) and
Quantum Theory of Atoms in Molecules (QTAIM) Computational

Methods
Density functional theory calculations on model 2m support the electronic structure
description of negligible B-F multiple bond character. Analysis of the molecular orbitals calculated
for 2m reveal that the ostensible n-bonding orbitals between the fluorine and boron atoms in the
molecular y and z directions (fig. S21) are exceedingly low-lying (HOMO-63 and HOMO-64) and
possess predominantly fluorine m-orbital character. As such, these components of the electronic
structure of 2m are best described as fluorine p-orbital lone pairs, rather than B-F n-bonding

interactions, and indicate a nominal single bond between the boron and fluorine atoms. Natural
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bond orbital (NBO) analysis also indicates the presence of a B-F single bond in 2m, yielding a
Wiberg bond index (WBI) of 0.8646.%3 Separately, the WBI of the Fe-B bond is nearly double that
of the B—F bond, suggesting double bond character (Table 3.1).

Table 3.1. Natural Bond Orbital (NBO)-derived Wiberg Bond Indices (WBI) of selected bonds in
Fe(BF)(CO)2(CNAr""?), (2m) at the B3LYP/6-31G(d,p) level of theory.

Selected Bond Wiberg Bond Index

(WBI)

Fe-B 1.4295
Fe-Cl1 1.0993
Fe-C3 1.2435
B-F 0.8646
CI-N1 2.1127
C3-03 2.0508

Note: The WBI for the B-F bond of 0.8646 can be compared to the C1-N1 bond of the CNArPh?
isocyanide ligand. This C1-N1 bond is reduced from a nominal bond order of 3.0 (i.e. WBI =2.4

— 2.6 (34)) due to m-backdonation from the iron center. However, multiple bonding character in
this bond is still present as indicated by a WBI of 2.1127. In comparison, the WBI for the BF bond
indicates that only a single bond is present.

Electron density topology calculations®®* on 2m, and the model complexes
Fe(N2)(CO)2(CNAr*"?), (3m) and Fe(CO)3(CNAr"?), (4m), most clearly illustrate the electronic
differences between coordinated BF, N, and CO ligands (Figure 3.14). A contour plot of the
Laplacian of the electron density (V?p) for 2m shows a significant depletion of electron density at
the BF bond critical point, which is reflective of a highly polarized bonding interaction.** By
contrast, the Laplacian contour plots for the N> and CO complexes 3m and 4m reveal far greater
concentrations of electron density in the regions between N-N and C—O atoms, respectively, with
3m displaying a highly symmetric electron-density distribution fully consistent with the presence

of nonpolarized, multiple-bonding character.>*
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Figure 3.14. Plot of the Laplacian of charge density (V*(p)) for Fe(BF)(CO)2(CNAr""?), (2m,
Left), Fe(N2)(CO)2(CNAr"™?), (3m, middle) and Fe(CO)3(CNAr""?), (4m, right). Areas of charge
depletion are depicted with blue curves and areas of charge concentration are depicted with red
curves. Bond and ring critical points are denoted by small green and red spheres, respectively.

Table 3.2 Topological analysis of electron density at selected bond critical points of 2m, 4m, and
3m.

Bond Critical Rho (p) Laplacian of Rho |  Ellipticity (&)
Point (V(p))

B-F (2m) 0.211040 +1.527447 0.040162
C5-03 (4m) 0.451280 +0.904596 0.007718
N3-N4 (3m) 0.630285 -1.991719 0.001504

Fe-B (2m) 0.141310 +0.128643 0.153743
Fe-C5 (4m) 0.144650 +0.575484 0.012004
Fe-N3 (3m) 0.107816 +0.658798 0.063049
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3.5 Concluding Remarks

In conclusion, although BF is isoelectronic to the 10-electron diatomics CO and Ny, it lacks
multiple bonding character between the boron and fluorine atoms and therefore does not possess
a similar electronic structure to these ligands when complexed to a transition metal. Moreover, the
totality of spectroscopic and computational results suggest that the short B-F bond distance
observed for complex 2 manifests simply from a high degree of sp-hybridization of the two-
coordinate boron atom, in which the diminished radial extension of the boron 2s orbital relative to
its 2p orbitals results in a short BF bond.*> The molecular design principles and synthetic strategy
presented here outline a possible blueprint for the formation and stabilization of terminal BF
ligands on transition metals. Given the particular electronic characteristics of terminally
coordinated BF, it is anticipated that this diatomic ligand can be exploited in a general fashion to
modulate the physical and chemical properties of transition-metal complexes for specific

applications.

3.6 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of
purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise stated,
reagent-grade starting materials were purchased from commercial sources and either used as
received or purified by standard procedures.*® Solvents were dried and deoxygenated according to
standard procedures.’” Benzene-ds (Cambridge Isotope Laboratories) was distilled from NaK
alloy/benzophenone and stored over activated 3 A molecular sieves for 2 d prior to use. Celite 405
(Fischer Scientific) was dried under vacuum at a temperature above 250 °C for 24 h and stored in

a glovebox prior to use. CNAr™™PP? was synthesized as previously reported.?> The compounds

70



Fe(CO)3(CNAr™PP2), and Felo(CO)2(CNAr™PP2), were prepared through modified procedures for
the syntheses of Fe(CO)3(CNArMe2), and Felo,(CO)2(CNArMes?), 38

Solution 'H, BC{'H}, "B, and ""F NMR spectra were recorded on a Varian 500 MHz
spectrometer equipped with a Smm X-Sens cold probe or a JEOL ECA 500 spectrometer equipped
with a two-channel, broadband, inverse-detect 5 mm probe. 'H and '*C{'H} chemical shifts are
reported in ppm relative to SiMes (‘H and 3C & = 0.0 ppm) with reference to residual solvent
resonances of 7.16 ppm ('H) and 128.06 ppm ('*C) for CsDs.** ''B NMR chemical shifts were
referenced externally to BF3-Et;O (8 = 0.0 ppm). "F NMR chemical shifts were referenced
externally to CeHsF (8 = —113.11 ppm in CsDs).** Solid state FTIR spectra were recorded using a
Bruker Alpha II Platinum ATR spectrometer in a nitrogen filled glovebox. Data were acquired on
solid samples mounted on a diamond ATR module. The following abbreviations were used for the
intensities and characteristics of important IR absorption bands: vs = very strong, s = strong, m =
medium, w = weak, vw = very weak, sh = shoulder. Photolysis experiments were performed with

a 254 nm model UVGL-25 Hg lamp (UVP, Inc., Upland, CA).

Preparation of Fe(CO)3(CNAr™PpP2);, (4). To a 100 mL ampoule was added a THF
solution of CNAr™PP2 (1,500 g, 2.954 mmol, 20 mL) followed by Fe(CO)s (0.2630 g, 1.343 mmol).
The ampoule was sealed and irradiated (254 nm; Hg lamp) for 20 min, followed by a freeze-pump-
thaw cycle (25 mTorr) to degas the headspace of the reaction mixture. This process was repeated
4 times, followed by continuous irradiation for 6 h, and two more freeze-pump-thaw-irradiation
cycles, by which time IR spectroscopy revealed only one isocyanide stretching band. The reaction
mixture was then concentrated to a solid in vacuo, and the resulting solid was then extracted with

Et,0 (15 mL), filtered, and evaporated to dryness to afford Fe(CO)3(CNAr™PP?), as a yellow solid.
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The material was purified by crystallization in n-pentane/benzene solutions at —35 °C over 2 d.
Yield: 1.133 g, 0.980 mmol, 73%. '"H NMR (499.8 MHz, C¢Ds, 20 “C): d = 7.22 (s, 8H, m-Tripp),
7.02 (d,J=7.5Hz,4H, m-Ph), 6.89 (t,/= 7.6 Hz, 2H, p-Ph), 2.96 (sept, /= 6.9 Hz, 4H, CH(CH3)>),
2.70 (sept, J = 6.9 Hz, 8H, CH(CH3)2), 1.41 (d, J= 7.0 Hz, 24H, CH(CH3)2), 1.32 (d, /= 6.9 Hz,
24H, CH(CHs)2), 1.14 (d, J = 6.9 Hz, 24H, CH(CHs3),) ppm. 3C{'H} NMR (125.7 MHz, C¢Ds,
20 °C): 6=212.3 (CO), 178.1 (CNR), 149.5, 146.4, 138.6, 132.4,129.7, 129.6, 127.4, 121.4, 35.2,
31.4,24.9, 24.4, 24.0 ppm. FTIR (solid state): v(C=N) = 2146 (vw), 2092 (vs) cm™!, v(C=0) =
1940 (vs) cm™!, also 3056 (vw), 2958 (s), 2930 (m), 2868 (m), 1607 (w), 1571 (vw), 1458 (m),
1418 (w), 1382 (w), 1362 (w), 1315 (w), 1254 (vw), 1243 (vw), 1171 (vw), 1102 (w), 1066 (vw),
943 (w), 876 (m), 849 (vw), 803 (m), 756 (m), 720 (vw), 646 (m), 603 (s), 554 (vw), 475 (w), and

434 (vw) cm™.

Preparation of cis,cis,trans-Fel,(CO)2:(CNArTrPP2), (5). To a thawing Et,O solution of
Fe(CO)3(CNAr™PP2), (1,150 g, 0.9954 mmol, 10 mL) was added an equally cold Et;O solution of
I (0.253 g, 0.9954 mmol, 2 mL). The resulting solution was stirred to room temperature for 25
min, whereupon it was concentrated to 1/3 volume under reduced pressure. The slurry was then
washed with cold 1:1 diethyl ether/n-pentane (4 x 3 mL) and filtered leaving a spectroscopically
pure red/brown cis,cis,trans-Felo(CO)(CNAr™P2), (1.020 g, 74%). X-ray diffraction quality
crystals were grown from a saturated THF/n-hexane solution (1:5) overnight at —35 °C to yield as
large red/brown crystals. *Note: Compound 2 isomerizes over time in solution and only
crystallizes as the trans,trans,trans isomer. '"H NMR (499.8 MHz, C¢Ds, 20 °C): 6 = 7.24 (s, 8H,
m-Tripp), 7.00 (d, J = 7.7 Hz, 4H, m-Ph), 6.84 (t, J = 7.6 Hz, 2H, p-Ph), 2.94 (sept, J = 6.9 Hz,

4H, CH(CHs),), 2.69 (sept, J = 6.9 Hz, 8H, CH(CHs),), 1.48 (d, J = 6.9 Hz, 24H, CH(CHj),), 1.40
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(d, J= 6.9 Hz, 24H, CH(CH3)2), 1.10 (d, J = 6.8 Hz, 24H, CH(CH3)2) ppm. *C{'H} NMR (125.7
MHz, CsDs, 20 °C): 6 =211.7 (CO), 157.7 (CNR), 149.8, 146.3, 140.6, 132.0, 130.4, 129.0, 121.8,
35.1, 31.5, 25.1, 24.6, 24.3 ppm. FTIR (KBr windows, C¢Ds, 25 °C): v(C=N) = 2156 (vs) cm™!,
v(C=0) = 2057 (s), 2019 (s) cm™!, also 3056 (vw), 2958 (s), 2930 (m), 2868 (m), 1608 (w), 1570
(vw), 1458 (m), 1418 (w), 1382 (w), 1362 (w), 1351 (w), 1315 (w), 1254 (vw), 1243 (vw), 1171
(vw), 1102 (w), 1066 (vw), 943 (w), 876 (m), 849 (vw), 803 (m), 756 (m), 720 (vw), 646 (m), 603

(vs), 554 (vw), 475 (w), and 434 (vw) cm™.

Preparation of Kz[Fe(CO)(CNAr™PP2),] (K;[1]). A 20 mL scintillation vial was
charged with KCsg (0.185 g, 1.368 mmol) and placed in a liquid nitrogen cooled cold well. To this
solid was added a thawing THF solution of cis,cis,trans-Felo(CO)2(CNAr™P2), (0.420 g, 0.304
mmol, 8§ mL), and the resulting mixture was stirred with a glass stir bar for 40 minutes at —35 °C.
The product mixture was filtered through Celite and evaporated to dryness. This deep red/brown
solid was stirred in 3:1 n-pentane/diethyl ether and evaporated under reduced pressure twice to
separate the desired product from solvated KI. The solid was washed 4 times with 2 mL of n-
pentane to remove soluble byproducts. Pure K>[Fe(CO)2(CNAr™P2),] was dissolved in CeHe,
filtered through fiberglass filter paper, and lyophilized to a dark red, fluffy solid. Yield: 0.285 g,
0.237 mmol, 78%. Crystals suitable for diffraction were grown over 2 d from n-pentane/toluene.
"H NMR (499.8 MHz, C¢Ds, 20 “C): 6 = 7.19 (s, 8H, m-Tripp), 6.95 (d, J = 7.4 Hz, 4H, m-Ph),
6.83 (t, J = 7.4 Hz, 2H, p-Ph), 3.06 (sept, J = 6.9 Hz, 8H, CH(CH3)2), 2.91 (sept, J = 6.9 Hz, 4H,
CH(CHs)2), 1.40 (d, J= 7.0 Hz, 24H, CH(CH3)»), 1.340 (d, J = 6.9 Hz, 24H, CH(CHs)2), 1.15 (d,
J = 6.9 Hz, 24H, CH(CHs),) ppm. C{'H} NMR (125.7 MHz, CsDs, 20 °C): & = 279.0 (CO),

231.9 (CNR), 148.6, 148.0, 138.9, 133.5, 129.7, 128.6, 120.5, 35.1, 31.5, 25.1, 24.6, 24.3 ppm.
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FTIR (KBr windows, CsDs, 25 °C): v(C=N) = 1599 (vw), 1562 (s) cm™!, v(C=0) = 1878 (w), 1793
(m) cm, also 3056 (vw), 2961 (vs), 2927 (s), 2868 (s), 1458 (m), 1418 (w), 1382 (w), 1362 (w),
1351 (w), 1315 (w), 1254 (vw), 1243 (vw), 1171 (vw), 1102 (w), 1066 (vw), 943 (w), 876 (m),

849 (vw), 803 (m), 756 (m), 720 (vw), 646 (m), 603 (vs), 554 (vw), 475 (w), and 434 (vw) cm ™.

Preparation of Fe(BF)(CO)2(CNAr™?P2), (2). A thawing Et,O/n-hexane (9:1) solution
of K;[Fe(CO)(CNAr™PP2),] (0.180 g, 0.149 mmol, 8 mL) was treated with an equally cold
solution of BF3-OEt: in Et20 (0.0594 g, 0.418 mmol, 1 mL) in a liquid nitrogen cooled cold well.
This solution was stirred at room temperature for 30 s, then re-chilled for 1 min, and this process
was repeated five times before allowing the solution to stir at room temperature for 10 min, during
which time, the solution changed from red to yellow/brown. All volatiles were removed in vacuo,
and the resulting yellow solid was subjected to three cycles of stirring in n-pentane and evaporating
solvent before being filtered through Celite to remove the KF and KBF4 byproducts. The solid was
re-dissolved in n-hexane with 2 drops of benzene and set at —35 “C overnight revealing pale yellow
blocks suitable for X-ray diffraction. Yield: 0.141 g, 0.122 mmol, 82%. '"H NMR (499.8 MHz,
CeDs, 20 °C): 6 ="7.22 (s, 8H, m-Tripp), 7.00 (d, J= 7.5 Hz, 4H, m-Ph), 6.88 (t, J= 7.6 Hz, 2H, p-
Ph), 2.96 (sept, J = 6.9 Hz, 4H, CH(CHs)2), 2.76 (sept, J = 6.9 Hz, 8H, CH(CH3)2), 1.41 (d, J =
6.9 Hz, 24H, CH(CHs)2), 1.31 (d,J=6.9 Hz, 24H, CH(CH:)2), 1.16 (d,J= 6.8 Hz, 24H, CH(CH3)>)
ppm. BC{'H} NMR (125.7 MHz, C¢Ds, 20 °C): §=213.7 (CO), 178.4 (CNR), 149.3, 146.6, 138.2,
133.0, 130.6, 129.7, 126.5, 121.3, 35.1, 31.3, 24.8, 24.4, 24.0 ppm. 'B NMR (160.4 MHz, C¢Ds,
20 °C): 8 = 56.5 ppm (br s, fwhm = 1820 Hz). '°F NMR (470.4 MHz, CsDs, 20 °C): 5 = 1.64 ppm
(brs, fwhm = 187 Hz). F{!'B} NMR (470.4 MHz, C¢Ds, 20 °C): = 1.68 ppm (s, fwhm = 113

Hz). FTIR (solid state): v(C=N) = 2126 (sh), 2056 (s) em, v(C=0) = 1980 (s), 1942 (vs) cm™!,
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v(B-F) = 1407 (s) em™", also 3053 (vw), 2958 (s), 2930 (m), 2865 (m), 1608 (w), 1571 (w), 1500
(vw), 1456 (m), 1385 (sh), 1361 (w), 1315 (w), 1239 (vw), 1167 (vw), 1101 (w), 1068 (w), 943

(w), 876 (m), 845 (vw), 800 (m), 754 (m), 648 (s), 597 (vs), 479 (m), and 420 (vw) cm’".

Preparation of Fe(N;)(CO)2(CNAr™PP2%), (3). To a thawing EtO solution of
K2[Fe(CO)2(CNAr™PP2),] (0.150 g, 0.124 mmol, 6 mL) was added an equally cold Et,O solution
of I (0.030 g, 0.118 mmol, 2 mL). This mixture was stirred at —35 °C for 15 min, filtered through
pre-cooled Celite into a vial in a liquid nitrogen cooled cold well, and evaporated to dryness under
reduced pressure. The golden yellow solid was extracted with cold n-pentane and filtered once
more to separate from residual KI. Crystals suitable for X-ray diffraction were grown from a
concentrated n-pentane/benzene solution stored at —35 °C over 2 d. Yield: 0.122 g, 0.105 mmol,
85%. Workup and characterization of compound 5 must be performed quickly and at low
temperature as partial decomposition becomes apparent within 10 minutes in solution at room
temperature. '"H NMR (499.8 MHz, C¢Dg, 20 °C): 8 = 7.22 (s, 8H, m-Tripp), 7.02 (d, J = 7.5 Hz,
4H, m-Ph), 6.89 (t, J = 7.4 Hz, 2H, p-Ph), 2.95 (sept, J = 6.8 Hz, 4H, CH(CH3)2), 2.73 (sept, J =
6.8 Hz, 8H, CH(CHz3)2), 1.40 (d, /= 6.9 Hz, 24H, CH(CH3)2), 1.33 (d, /= 6.8 Hz, 24H, CH(CH3)2),
1.15 (d, J = 6.8 Hz, 24H, CH(CH3)2) ppm. BC{'H} NMR (125.7 MHz, CsDs, 20 °C): & = 212.6
(CO), 181.0 (CNR), 149.4, 146.5, 138.3, 132.6, 129.7, 127.2, 121.4, 35.7, 31.4, 24.9, 24.4, 24.0
ppm. FTIR (solid state): v(N=N) = 2194 cm™!, v(C=N) = 2122 (vw), 2075 (vs) cm!, v(C=0) =
1953 (m), 1918 (s) cm™!, also 3055 (vw), 2958 (s), 2930 (m), 2869 (m), 1608 (w), 1571 (w), 1459
(m), 1418 (w), 1382 (vw) 1362 (vw), 1317 (vw), 1243 (vw), 1170 (vw), 1103 (w), 1064 (w), 942

(W), 875 (), 847 (vw), 804 (W), 756 (W), 639 (W), 594 (s), 473 (W), and 420 (vw) cm™".
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3.7 Nuclear Magnetic Resonance (NMR) Spectroscopic Measurements

Experimental Details for One-Dimensional “F and "B NMR Spectra of
Fe(BF)(CO)2(CNAr™PpP2), (2). Samples were prepared by using ~40 mg of compound 2 dissolved
in ~700 pL of benzene-ds. Room temperature '°F NMR data were acquired using both single pulse
experiments and separately with "B decoupling (i.e. PF{!!B}). The F n/2 pulse time was
measured as 9.4 us and a 1 s pulse delay was used for all experiments. An exponential line
broadening of 2.0 Hz was applied to both '°F and °F{!!B} NMR spectra. Room temperature ''B
NMR data were acquired with a single-pulse experiment using a pulse delay of 1 s and a 30° pulse
tip angle (the ''B n/2 pulse time was measured to be 20.4 us). An exponential line broadening of
50.0 Hz was applied to the "B NMR spectrum. 'B-detected, °F-decoupled NMR experiments
were acquired, but the single !'B transition observed for 2 did not show a notable linewidth change
under °F decoupling from that observed in the single-pulse experiment. 71 measurements were
performed at room temperature on samples using an inversion-recovery pulse sequence and using
JEOL’s native processing algorithms. 77 values were found to be 0.10(1) s and 0.20(1) ms on 2
for 1°F and !B, respectively. Variable temperature NMR experiments were performed in toluene-
ds over the range of —60 to +80 °C but did not result in any significant changes in chemical shift
or linewidth as compared to the '°F or !'B NMR transitions of 2 observed at room temperature.
The inability to directly observe 'Jgr coupling constants in one-dimensional spectra is a
longstanding challenge in NMR spectroscopic studies of boron-fluoride compounds and is
attributed to rapid quadrupolar relaxation of the I = 3/2 "B nucleus.*!** One-dimensional 'H,

BC{H}, F, PF{!!B} and "B NMR spectra for 2 are shown in Figs. S6-S9.
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Experimental Details for Two-Dimensional “F-''B NMR Spectra of
Fe(BF)(CO)2(CNAr™PpP2), (2). Two-dimensional F-'"B HMQC spectra were collected with
1024 points in t» and 64 t; increments.?**° Each t; increment represents a total of 128 scans. Owing
to the fact that the magnitude of the 'B—'°F coupling constant of 2 could not be directly measured,
several data sets incrementally optimized for various 'Jgr values were acquired, with the highest
signal-to-noise found in the experiment optimized for a 'Jgr of 650 Hz (Fig. S10). The absolute
value HMQC experiments were acquired using X-band decoupling, a BIRD pulse element,* and
without pulsed field gradients. The data were processed by using phase-shifted sine bell
multiplication followed by exponential line broadening (5 Hz and 100 Hz for °F and !'B,
respectively) on the time domain data. The data were then zero-filled in both t; and t; to yield a

final 2048%256 real matrix.

Experimental Details for NMR Analysis of the Salt Byproducts Produced During the
Synthesis of Fe(BF)(CO)2(CNArTrPP2), (2). Separately, the salt byproducts from the reaction
generating 2 were analyzed. The reaction vial, pipet, and filter were thoroughly washed with n-
pentane (8 x 1.5 mL) leaving behind a white precipitate. This precipitate was brought outside the
glovebox and dissolved in DMSO-ds. 'F NMR spectroscopy of this precipitate revealed two sharp
singlets located at 143.73 ppm and 143.78 in a 1:4 ratio (Fig. S11), respectively, while analysis by
"B NMR spectroscopy revealed a singlet centered at —2.68 ppm (Fig. S12). These spectroscopic
signatures are indicative of the tetrafluoroborate ([BF4]") ion, with the 1:4 resonances in the °F
spectrum corresponding to the '°B and !'B isotopomers, respectively. These '°F and ''B spectra
were compared to those of a 1:1 mixture of NaF and NaBF, in DMSO-ds (Figs. S13-S14), which

were identical in character. The resonance for fluoride ([F]") ion as its potassium salt ([K]") are
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not observed in either '°F spectrum due to the low solubility of both KF and NaF in DMSO-ds and

known difficulty of observing the '°F NMR signal of fluoride ion in wet solvent.**47

3.8 Results of S’Fe Mossbauer Spectroscopic Studies

Experimental Details. All solid samples for >’Fe Mossbauer spectroscopy were run on
non-enriched samples of isolated complexes. All samples were prepared in Delrin Mdssbauer
sample cups in a nitrogen-filled glovebox equipped with a liquid nitrogen fill port to enable sample
freezing to 77 K within the glovebox. Samples were fitted with a fitted inner Delrin cup prior to
freezing. Low temperature °’Fe Mossbauer measurements were performed using a See Co. MS4
Mossbauer spectrometer integrated with a Janis SVT400T He/N; cryostat for measurements at 80
K. Isomer shifts were determined relative to a-Fe at 298 K. All Mossbauer spectra were fit using
the program WMoss (SeeCo). All Mdssbauer spectra display the raw data (black dots) and where
applicable, the total fit (black line) and individual components represented by colored doublets.
Errors of the fit analyses are & + 0.02 mm/s and AEq £ 3%. For multicomponent fits, the
quantitation errors of individual components were £3%.

Special preparative measures were taken for temperature sensitive samples. The solid
samples were rapidly transferred from a liquid N, storage dewar to a dog bowl dewar inside of a
glovebox. Samples were subsequently ground in a mortar chilled to cryogenic temperatures and
transferred to a prechilled Delrin sample cup where they were sealed and submerged in liquid N

for data collection.
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3.9 Results of Computational Studies

Computational Details. Density Functional Theory (DFT) calculations were carried out
on the truncated model complexes Fe(BF)(CO)2(CNAr""?), (2m), Fe(N2)(CO)2(CNAr"?), (3m)
and Fe(CO)3;(CNAr™2), (4m) (ArPh2 = 2,6-(C¢Hs)2CsH3) using the ORCA computational suite
4.0.0.*8 Geometry optimizations and infrared frequency calculations were performed using the
BP86 functional,*>2 along with the all-electron Ahlrichs triple-zeta basis sets def2-TZVP
(standard)®® and def2-TZVP/J (auxiliary).>* The resolution of identity (RI) approximation®> and
tight SCF criteria were employed. Input geometries for 2m, 4m, and 3m were based on the
crystallographically determined atomic coordinates of compounds 2, 4, and 3, respectively.
Visualization of optimized structures and rendering of molecular orbitals was performed using the
program Chemcraft.’® The absolute, isotropic shielding for the 'B and F nuclei in 2m were
calculated using the “NMR” keyword in ORCA employing B3LYP/def2TZVPP. The 'Jgr
coupling constant was calculated with the Gaussian package’’ using the input nmr=(giao,spinspin)
B3LYP/6-31G(d,p).**%>° Wiberg bond indices were determined using NBO 3.1 also using the
B3LYP functional and 6-31G(d,p) basis set. QTAIM measurements were performed with
AIMAII®' employing the Proaim integration approach with .wfn files generated in Gaussian
(B3LYP/6-31G(d,p)).

Input for Geometry Optimization of Fe(BF)(CO)2(CNAr*"2);, (2m). The input for the
optimization of 2m is listed below. Inputs for 4m and 3m optimizations are identical except for
the input coordinates.

#UKS OPT of FelL4BF

Y%pal nprocs 8 end

' UKS Opt freq BP86 RIJCOSX def2-TZVP def2/J VerySlowConv TightSCF

Y%basis

end
Y%eoutput
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Print[ P_Basis ] 2

Printf P_MOs ] 1

end

*xyz 01

Fe
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0.291838
1.111582
0.765286
-0.491557
1.487846
1.532382
1.912322
1.959178
2.260068
2.562482
2.222675
2.477618
1.830044
0.487894
0.403508
-0.910980
0.598837
1.726028
1.830006
2.690079
0.845610
0.942657
-0.265810
-1.034537
-0.413158
2.060362
3.344980
-0.958008
-1.661067
1.197132
1.814695
0.276356
1.519173
-0.023180
0.597673
2.545491
-0.223228
2.010182
-0.750020

0.113220
-0.129003
-0.029643

1.726679
-0.293984

0.835986

0.633752

1.499019
-0.630096
-0.760555
-1.726607
-2.720971
-1.591998

0.234585

0.196197
-1.226773

0.274555
-0.326234
-0.248768
-0.714165

0.372253

0.413429

0.936193

1.432687

0.912627
-0.164637
-0.328904

2.782410
-2.112229

2.208783

2.787535

2.981423

4.097781

4.289655

4.852605

2.213866

2.540663

4.529613

4.867935

-0.030551
2.855742
1.721206
0.144747
4.166106
5.027500
6.362251
7.024992
6.835163
7.874942
5.975695
6.344407
4.636164
-3.032994
-1.848408
-0.021795
-4.401957
-5.025720
-6.421908
-6.905333
-7.188387
-8.274441
-6.564313
-7.158301
-5.169888
-0.118234
-0.113928
0.259769
-0.020831
4.569753
3.447059
5.300233
3.068447
4.916650
3.798941
2.876269
6.164950
2.195379
5.489696
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Fe
N
C
C
C
C

0.361914
1.788019
2.905926
0.635338
2.873573
0.601602
1.720356
3.812981
-0.250091
3.754518
-0.304746
1.692724
2.780115
4.134218
2.465388
5.143297
3.475675
4.817438
4.392442
1.423056
6.187500
3.211041
5.604872
-1.611225
-1.504853
-2.892210
-2.645125
-4.032598
-3.912533
-0.521227
-2.991635
-2.539904
-5.017888
-4.802752

0.291876
1.111516
0.765249
-0.490062
1.487950
1.531925

5.873509
-2.798665
-3.649729
-3.151401
-4.816522
-4.320775
-5.156576
-3.381511
-2.516695
-5.459669
-4.576714
-6.070102
-1.040848
-0.719093
-2.088179
-1.420208
-2.793973
-2.462091

0.101086
-2.367575
-1.148255
-3.609163
-3.012680

1.542129

2.507952

1.204192

3.116509

1.809263

2.768333

2.797975

0.442959

3.862261

1.524468

3.240466

0.113977
-0.128454
-0.029069

1.728219
-0.293712

0.835994

3.495899
3.769910
3.706305
3.046561
2.940720
2.285595
2.228315
4.251055
3.096248
2.897998
1.735588
1.632303
-4.260283
-4.463057
-3.375914
-3.800604
-2.720782
-2.928707
-5.136042
-3.218385
-3.964047
-2.045662
-2.412376
-4.556713
-3.541567
-5.029164
-3.015804
-4.499005
-3.490395
-3.171699
-5.805723
-2.226865
-4.871141
-3.072742

Optimized coordinates for Fe(BF)(CO)2(CNArf"2), (2m).

-0.030556
2.855759
1.721207
0.144569
4.166118
5.027845
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1.912530
1.958944
2.261504
2.564510
2.224520
2.480374
1.831177
0.488027
0.403733
-0.911978
0.598925
1.725501
1.829203
2.688777
0.845125
0.941924
-0.265649
-1.034128
-0.412701
2.060179
3.344584
-0.955533
-1.662641
1.195440
1.812190
0.274108
1.515465
-0.026677
0.593474
2.543216
-0.224887
2.005914
-0.753944
0.356774
1.789474
2.908048
0.636799
2.876308
0.603631
1.722998
3.815147
-0.249143
3.757805
-0.302827

0.633649
1.498734
-0.630127
-0.760715
-1.726372
-2.720680
-1.591602
0.234528
0.196409
-1.225121
0.274121
-0.327835
-0.251282
-0.717665
0.370174
0.410693
0.935385
1.432201
0.912568
-0.165508
-0.331089
2.784431
-2.110099
2.208696
2.788459
2.980266
4.098612
4.288389
4.852377
2.215618
2.538690
4.531202
4.865761
5.873206
-2.798021
-3.648255
-3.151587
-4.814943
-4.320896
-5.155829
-3.379452
-2.517610
-5.457306
-4.577452

6.362360
7.025385
6.834744
7.874335
5.974918
6.343178
4.635590
-3.033080
-1.848469
-0.021320
-4.402135
-5.025795
-6.422057
-6.905437
-7.188686
-8.274790
-6.564583
-7.158640
-5.170086
-0.118111
-0.113873
0.259214
-0.020320
4.570623
3.448036
5.301585
3.070011
4.918620
3.801002
2.876677
6.166240
2.196998
5.492048
3.498430
3.768919
3.704645
3.046066
2.938882
2.284931
2.226954
4.249046
3.096128
2.895636
1.735380
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1.695740
2.779302
4.133567
2.464189
5.142386
3.474180
4.816120
4.392178
1.421723
6.186708
3.209137
5.603337
-1.610215
-1.503133
-2.891548
-2.642959
-4.031498
-3.910693
-0.519296
-2.991613
-2.537057
-5.017027
-4.800557

-6.069303
-1.042739
-0.721873
-2.089347
-1.423153
-2.795326
-2.464363
0.097765
-2.368054
-1.151859
-3.609929
-3.015078
1.543235
2.509659
1.205686
3.119192
1.811688
2.771399
2.799425
0.444012
3.865425
1.527119
3.244303

1.630838
-4.260213
-4.463329
-3.375130
-3.800649
-2.719728
-2.928069
-5.136846
-3.217149
-3.964469
-2.044047
-2.411533
-4.556961
-3.542509
-5.028834
-3.016848
-4.498812
-3.490850
-3.172964
-5.804893
-2.228446
-4.870506
-3.073300
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Figure 3.15. Geometry optimized structure of Fe(BF)(CO)2(CNAr"'?), (2m) (BP86/def2TZVP/J).
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LUMO +17 LUMO HOMO HOMO -1 HOMO -2

Fe d,, (29.8%) Fe dy, (8.6%) Fe dy., (23.3%) Fe dy., (14.8%) Fe dy, (19.2%)

Bs (4.6%) Bp, (4.4%) Fe d,y, (12.2%) Fe d,,, (20.9%) Fe d,, (18.0%)
B p, (3.0%) Bp, (3.5%) Bp, (11.0%)
B's (3.1%) Bd,, (2.9%)

!,

./
HOMO -3 HOMO -16 HOMO -62 HOMO -63
Fe dy, (18.4%) Fe dy.2 (9.5%) F p, (43.4%) Fp, (37.1%)
Fe d,, (26.4%) Fe d,, (3.8%) Fp, (6.9%) Fp, (7.1%)
B's (4.4%) Bp, (5.2%) Bp, (5.2%)
B p, (3.0%)

HOMO -64 HOMO -65 HOMO -77 HOMO -112
Fp, (18.7%) Fp; (20.1%) F py (64.8%) Fpx (1.5%)
B p, (2.8%) Bp, (3.7%) Fs(5.1%) F's (69.7%)
B's (8.1%) B s (6.6%)
B py (3.8%) B p, (12.0%)

Figure 3.16. Selected molecular orbitals (MOs) of Fe(BF)(CO)(CNAr"?), (2m) with
predominantly iron d-orbital character in addition to MOs primarily involving boron and fluorine.
Atomic orbital contributions (AO%) to the molecular orbitals are listed. The HOMO and HOMO-
1 are indicative of significant Fe-B n-bonding. HOMO-62 through HOMO-65 represent MOs with
ostensible m-bonding character between the boron and fluorine atoms. The atomic orbital
contribution to these MOs reveal substantial electronic localization on the fluorine atom, with little
contribution from boron in the molecular z- and y-axis directions. These features are indicative of
fluorine lone pair character, with little B-F n-bonding character.
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Table 3.3. Comparison of structural parameters calculated and experimentally determined for
compounds 2m and 2, respectively.

Parameter Calculated Experimental | % Difference
d(Fe-B) (A) 1.79239 1.7703(25) 1.24%
d(B-F) (A) 1.29504 1.2769(29) 1.41%
d(Fe-C1) (A) 1.82022 1.8243(16) 0.22%
£(C1-Fe-C2) (") 161.296 160.38(7) 0.57%
£(C3-Fe-C4) (") 112.057 110.74(8) 1.18%
£(Fe-B-F) (%) 176.594 177.39(24) 0.45%

Table 3.4 Comparison of spectroscopic parameters calculated and experimentally determined for
compounds 4m and 4, respectively.

Parameter Calculated Experimental | % Difference
v(C=N) (cm™) 2121.80 2126 0.20%
v(C=N) (cm™) 2062.69 2056 0.32%
v(C=0) (cm™) 1978.37 1980 0.08%
v(C=0) (cm™) 1953.92 1942 0.61%
v(B-F) (cm™) 1415.73 1407 0.62%

Table 3.5. Experimental and calculated F and !'B chemical shifts and coupling constant for
2/2m. (B3LYP/6-31G(d,p))

Parameter 3 VF 5 1B ¥
Experimental 1.6 ppm 56.5 ppm Not observable
Calculated —32.8 ppm 55.9 ppm —444.5 Hz
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Optimized coordinates for Fe(CO)3;(CNAr*"2), (4m).
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-0.008316
-5.032546
-1.340967
-0.084834
0.014577
-2.596246
-3.735935
-2.700247
-3.908253
-3.966314
-4.942501
-5.812802
-1.385002
-2.343583
-0.234747
-0.293488
-0.888746
-1.474764
0.026053
4.969401
1.094025
2.417146
3.536102
2.600288
3.865938
3.989580
4.800361
5.654361
0.989815
1.889726
-0.014719
-5.027948
-1.346621
-0.092554
0.010803
-2.598408
-3.747196
-2.689896
-3.894553
-3.942872
-4.950422
-5.827946

0.032676
0.949328
0.273791
0.049152
0.027185
0.497427
-0.271660
1.497679
1.721848
2.503659
-0.049414
-0.662725
0.279391
0.461640
0.091865
0.110182
1.543201
2.544988
-0.000019
-0.995803
-0.162217
-0.434164
0.328176
-1.483827
-1.762538
-2.583298
0.052145
0.661673
-0.121905
-0.292194
-0.029653
-1.005510
-0.286311
-0.046941
-0.026237
-0.524864
0.231159
-1.526780
-1.765231
-2.548097
-0.005291
0.598099

3.021703
2.918683
5.022131
4.396886
1.838287
4.259178
4.557075
3.277822
2.615406
1.856829
3.891464
4.130999
6.424129
6.911842
7.188210
8.277637
-0.040460
-0.079286
0.000264
3.490251
5.160280
4.541438
4.921858
3.624526
3.107291
2.399233
4.398389
4.698128
6.558354
7.150932
-3.021147
-2.913379
-5.020214
-4.396254
-1.837779
-4.256038
-4.552418
-3.275183
-2.611698
-1.853535
-3.885700
-4.123983
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-1.392171
-2.349037
-0.245108
-0.304840
-0.875730
-1.452884
4.949324
1.082807
2.403157
3.531485
2.573819
3.836434
3.950270
4.792768
5.654243
0.977471
1.874539
3.665037
5.974493
-1.836608
1.750342
3.405419
5.955993
3.410614
5.933592
1.716260
-1.818869
-3.686153
-5.967258
1.827045
2.986092

-0.291688
-0.485131
-0.089891
-0.108295
-1.550810
-2.557670
1.060332
0.179280
0.467321
-0.279396
1.517319
1.811611
2.632421
0.012201
-0.585441
0.138431
0.320068
-1.062371
1.124365
2.120781
-2.100529
1.156046
-1.211925
-1.107470
1.288570
2.122186
-2.140053
1.022911
-1.191640
0.006588
0.010433

-6.422175
-6.908929
-7.187433
-8.276802

0.043172

0.083511
-3.494784
-5.160845
-4.543382
-4.927066
-3.624462
-3.108520
-2.398867
-4.404919
-4.707112
-6.558824
-7.152338

5.306636

2.396907

3.043992

3.330463
5.621769

3.078388
-5.628495
-3.083923
-3.327910
-3.042765
-5.301750
-2.390702
-0.001889
-0.003441
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Figure 3.17. Geometry optimized structure of Fe(CO)3(CNAr*"?), (4m) (BP86/def2TZVP/J).
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LUMO +11 HOMO HOMO -1 HOMO -2 HOMO -5
Fe dy, (54.1%) Fe dy, (41.7%) Fe dyz.,, (45.1%) Fe d,; (34.7%) Fe d,; (55.2%)
C5p, (6.2%)

Figure 3.18. Selected molecular orbitals (MOs) of Fe(CO)3;(CNAr"?), (4m) with predominantly
iron d-orbital character. Atomic orbital contributions (AO%) to the molecular orbitals are listed.
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Table 3.6. Comparison of structural parameters calculated and experimentally determined for
compounds 4m and 4, respectively.

Parameter Calculated Experimental % Difference
d(Fe-C5) (A) 1.80101 1.7822(34) 1.05%
d(C5-03) (°) 1.15905 1.1472(38) 1.03%
d(Fe-C1) (A) 1.83829 1.8500(19) 0.63%

£(C1-Fe-C2) () 179.166 178.61(12) 0.31%
£(C3-Fe-C4) () 119.181 117.34(13) 1.56%
£(Fe-C5-03) (°) 179.978 180.00* 0.01%

*Perfect 180° angle imposed crystallographically

Table 3.7 Comparison of spectroscopic parameters calculated and experimentally determined for
compounds 4m and 4, respectively.

Parameter Calculated Experimental | % Difference
v(C=N) (cm™) 2153.73 2146 0.36%
v(C=N) (cm™) 2096.63 2092 0.22%
v(C=0) (cm™) 1992.50 N/A N/A
v(C=0) (cm™) 1955.90 1940 0.82%
v(C=0) (cm™) 1948.24 1940 0.42%

Optimized coordinates for Fe(N2)(CO)2(CNArf"?), (3m).

-0.205830
-4.810617
-1.318883
-0.205731
-0.135835
-2.510221
-3.794751
-2.400127
-3.540457
-3.432007
-4.934262
-5.921108
-1.281639
-2.127788
-0.183154
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-0.132404
-2.340169
-0.695141
-0.148453
-0.092125
-1.250242
-0.817713
-2.239307
-2.780623
-3.546612
-1.355305
-0.998010
-0.699329
-1.127038
-0.203440

-3.020589
-3.191201
-5.090097
-4.397486
-1.839217
-4.397283
-4.773905
-3.405542
-2.810637
-2.041880
-4.174444
-4.472531
-6.492302
-7.031764
-7.191907
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-0.173092
-0.927938
-1.538888
-0.067159
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0.911559
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3.377070
1.906637
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2.865632
4.484086
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0.900421
1.752314
-0.183334
-4.755706
-1.257693
-0.161812
-0.123534
-2.452052
-3.736327
-2.343868
-3.485735
-3.378857
-4.877525
-5.864381
-1.199325
-2.032156
-0.096314
-0.069589
-0.963506
-1.596982
4.307253
0.959907
2.103271
3.416980
1.913834
3.006663
2.838806
4.508788
5.519890
0.970562
1.825871

-0.228851
-1.554587
-2.540465
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2.239266
0.384948
1.005145
0.580693
2.059925
2.672886
3.494629
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0.700958
0.143967
0.094269
1.273605
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2.264697
2.822139
3.589222
1.409685
1.063801
0.698822
1.134110
0.187161
0.207671
1.537860
2.509543
-2.284048
-0.404725
-1.033894
-0.622291
-2.084168
-2.705074
-3.522934
-1.238741
-0.896849
-0.354971
-0.779446

-8.282746
0.112107
0.204547
0.000918

-3.213707

-5.094834

-4.404713

-4.711240

-3.490193

-2.904261

-2.202195

-4.117852

-4.359281

-6.495891

-7.037978
3.023420
3.269589
5.111758
4.400223
1.841394
4.438816
4.832552
3.448888
2.872189
2.104327
4.251329
4.562537
6.513230
7.067154
7.194131
8.284801

-0.104866

-0.194632
3.137367
5.078387
4.368199
4.655122
3.453109
2.847379
2.145058
4.042049
4.268385
6.479664
7.007138
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Figure 3.19. Geometry optimized structure of Fe(N2)(CO)(CNA1"?), 3m (BP86/def2TZVP/J).



LUMO +4 HOMO HOMO -1 HOMO -2 HOMO -3
Fe d,, (24.0%) Fe d,y, (46.1%) Fe dy., (50.3%) Fe d, (56.7%) Fe d,, (33.6%)
N, p, (1.4%) Fe d,, (2.1%) Fe d,, (3.5%)

Figure 3.20. Selected molecular orbitals (MOs) of Fe(N2)(CO)(CNAr'2), (3m) with
predominantly iron d-orbital character. Atomic orbital contributions (AO%) to the molecular

orbitals are listed.

Table 3.8. Comparison of structural parameters calculated and experimentally determined for

compounds 3m and 3, respectively.

Parameter Calculated Experimental % Difference
d(Fe-N3) (A) 1.88047 1.8850(33) 0.24%
d(N3-N4) (A) 1.11939 1.1059(41) 1.21%
d(Fe-C1) (A) 1.84368 1.8587(20) 0.81%

£(C1-Fe-C2) () 176.113 179.04(12) 1.65%
£(C3-Fe-C4) () 120.910 115.82(15) 4.30%
£(Fe-N3-N4) (%) 179.919 180.00* 0.04%

*Perfect 180° angle imposed crystallographically

Table 3.9 Comparison of spectroscopic parameters calculated and experimentally determined for

compounds 3m and 3, respectively.

Parameter Calculated Experimental | % Difference
v(C=N) (cm™) 2125.02 2122 0.14%
v(C=N) (cm™) 2089.27 2075 0.68%
v(C=0) (cm™) 1964.29 1953 0.58%
v(C=0) (cm™) 1937.32 1918 1.00%
v(N=N) (cm™) 2188.75 2194 0.22%
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3.10 Details of Crystallographic Structure Determinations

General. Single X-ray structure determinations were performed at 100 K on Bruker Kappa
diffractometers equipped with a Mo radiation source and an APEX-II CCD area detector. All
structures were solved via direct methods with SHELXS%? and refined by full-matrix least-squares
procedures using SHELXLS? within the Olex2%* software. All hydrogen atoms have been removed
for clarity.

Disordered components and co-crystallized solvent molecules are not shown for clarity.
Nonetheless, the following molecules contained positional disorder that was successfully modeled
and refined anisotropically. They are listed along with their respective disordered components:

Fe(CNAr™PP2),(C0O)2(N2); (3) contains one positionally disordered iso-propyl group.

Fel:(CNAr™PP2),(CO),; (5) exhibits wagging positional disorder of a flanking phenyl
ring. Residual electron density in the unit cell was modeled as 1.4% of molecular iodine (I2).

CCDC Deposition. All crystal structures reported herein have been deposited with the
Cambridge Crystallographic Data Center (CCDC) and have been assigned the following CCDC
deposition numbers:

CCDC-1887069: Fe(BF)(CO)2(CNArTPP2), (2)

CCDC-1887070: Fe(N2)(CO)2(CNArTrPP2); (3)

CCDC-1887071: Fe(CO)3(CNArT™P2), (4)

CCDC-1887072: Kao[Fe(CO)2(CNAr™™PP2),] (Ko[1])

CCDC-1887072: trans,trans,trans-Felo(CO)2(CNArTPP2), (5)
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Figure 3.21. Solid-state structure of Felo(CO)2(CNAr™Pp2), (5).
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Table 3.10. Crystallographic Data Collection and Refinement Information.

Name
Formula
Crystal System
Space Group
a, A
b, A
c, A

o, deg

B, deg

Y, deg
vV, A3
Z

Radiation
(., A)
p (calcd.),
Mg/m?
1 (Mo-Kay),
mm!
Temp, K

0 max, deg
data/restraints/
parameters
R,

wR 2

GOF

Ko[1] - 1.3 (C7Hs)

Css.1H106.9FeKoN2O»

Monoclinic
P2,
13.2224(8)
24.0957(14)
24.0527(14)
90
90.185(2)

90
7663.2(8)

2
Mo-Ka, 0.71073
1.147
0.352
100
23.865
23626 /193 /1699
0.0604
0.1376

1.031

2
C76HosBFFeN202
Monoclinic
P2i/n
17.0537(4)
18.1712(4)
22.4475(5)
90
97.0690(10)
90
6903.3(3)

4
Mo-Ka, 0.71073
1.113
0.266
100
27.161
15205/0/772
0.0431
0.1113

1.052

96

3 - 4 (C¢He)
Cio0H122FeN4O;
Monoclinic
C2/c
23.7567(15)
14.7179(8)
25.8145(17)
90
100.934(4)
90
8862.2(9)

4
Mo-Ka, 0.71073
1.100
0.219
100
25.716
8420/22/516
0.0458
0.0965

1.023



Table 3.11. Crystallographic Data Collection and Refinement Information.

Name
Formula
Crystal System
Space Group
a, A
b, A
¢ A

o, deg

B, deg

Y, deg
v, A3
VA

Radiation
(., A)
p (calcd.),
Mg/m?
u (Mo-Kay),
mm™!
Temp, K

0 max, deg
data/restraints/
parameters
R;

wR 2

GOF

4 - 3 (CeHp)
CosHi16FeN203
Monoclinic
C2/c
22.996(3)
15.525(2)
24.572(3)
90
109.973
90
8244.9(19)

4
Mo-Ka, 0.71073
1.120
0.232
100
25.428
7587/0/469
0.0428
0.0926

1.018
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5
Cr6HogFel2.03N202
Monoclinic
P2i/c
12.5641(3)
17.8044(5)
17.0544(5)
90
107.1260(10)
90
3645.85(17)

2
Mo-Ka, 0.71073
1.262
0.266
100
25.706
6942 /315 /541
0.0294
0.0693

1.038



3.11 Cambridge Structural Database Search Results

The Cambridge Structural Database®®> was searched using ConQuest®® for all
crystallographically characterized compounds containing a B-F bond between 0.5 A and 2.5 A. A
total of 85308 data points were obtained and plotted in the histogram shown in Figure S14. The
data set resulted in a mean B-F bond distance of 1.364 A with a standard deviation of 0.052 A. To
exclude four-coordinate borates, the atom connectivity of boron was set to 3. This gave 146 data
points with an average B-F distance of 1.345 A and a standard deviation of 0.061 A. Five reported
compounds display B-F bond distances less than 1.29 A, but these values are artificially shortened
due to crystallographic disorder (CCDC refcodes HAXNID, HAXNID10, QACIJIQ, XI1JJOQ,
XIJJUW, YIMCAY). No previously reported compounds contain a two-coordinate boron center
bound to fluorine.

Additionally, transition metal (TM) complexes containing a TM-B bond within the range
of 0 to 5 A were searched. The query yielded 4720 hits with a mean TM-B distance of 2.223 A
and a standard deviation of 0.160 A. The three shortest TM-B bond lengths were 1.780 A (CCDC
—~ WOJGIM, ), 1.792 A (CCDC - EJIRUK,*®) and 1.793 A (CCDC — TAMMIF,®), all of which

are longer than the Fe-B bond distance in Fe(BF)(CO)2(CNAr™2), (2, d(Fe-B) = 1.7703(25) A).
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Figure 3.22. CSD search results for all transition metal (TM)-B bonds in structurally characterized
molecules.
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Figure 3.23. CSD search results for all B-F bonds in structurally characterized molecules.
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Figure 3.24. CSD search results for all B-F bonds in structurally characterized molecules excluding
four-coordinate borates.
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Chapter 4

Reactivity Studies of a Terminal Fluoroborylene Complex

4.1 Introduction

Carbon monoxide (CO) is ubiquitous in inorganic chemistry, and its use as a ligand to
transition metals dates back more than 150 years.! The 1890 discovery of Ni(CO)a, the first binary
metal carbonyl,> marked the beginning of a very important chapter in organometallic chemistry,
which led to what has been called a “renaissance of inorganic chemistry” in the mid- to late-20™
century.? Accordingly, CO has played a central role in developing the reactivity of transition-metal
complexes as well as in devising models of their electronic structure.*® A relatively high energy
o-donor orbital and two low energy m-acceptor orbitals stemming from the polarized triple bond
of CO provide it with a high binding affinity for electron-rich transition-metal ions.%” Because of
the widespread success of CO as a ligand, much effort has gone into the preparation of metal
complexes containing other isolobal, 10 valence-electron diatomic molecules and ions.?
Longstanding examples involve the readily available species dinitrogen (Nz), cyanide ([CN]"), and
nitrosonium ([NO]"), and more recent cases have used transition metals to stabilize previously
unisolable fragments such as [CF]*%!? and [BO]".!!

Theoretical methods have predicted boron monofluoride (BF), a more polarized, neutral
analog of CO, to be both a stronger 5-donor and n-acceptor due to a higher energy HOMO (highest
occupied molecular orbital) and lower energy LUMO (lowest unoccupied molecular orbital),
respectively.!2! However, this decreased HOMO/LUMO gap renders the diatomic fluoroborylene

molecule unstable at standard temperature and pressure, and although BF can be generated under
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high vacuum at ~2000 °C, it rapidly oligomerizes under more synthetically relevant conditions.?>2?

Borylenes constitute a general class of molecule isolobal to CO with particularly strong c-donor
capabilities that result in strong metal-boron bonds. However, the buildup of positive charge at
boron upon complexation to a metal imparts high kinetic lability to these ligands.!? This instability
was first overcome by Cowley!® and Braunschweig!* utilizing substituents with large steric
profiles and/or m-donating capabilities (i.e. [CsMes]” and [N(SiMes)2]", respectively). While
transition-metal-borylene chemistry is now a mature field, stable examples are still limited by the
steric and electronic properties of the substituents on boron.!>-18

Matrix isolation infrared (IR) spectroscopy has identified numerous terminal
fluoroborylene complexes of the formulation M(BF)F», but their fleeting nature has precluded
detailed investigations of their structure and reactivity.?*?’ To circumvent the challenges
associated with handling BF, Vidovic and Aldridge first constructed the BF molecule in a bridging
mode between two ruthenium centers by treating Na[CpRu(CO):] with BF3-Et,0.?® Extending this
strategy, we recently reported a dianionic iron complex bearing the encumbering m-terphenyl
isocyanide CNAr™ P2 (ArTripr2 = 2 6-(2,4,6-(i-Pr);CeH2]2C¢H3)*° to kinetically stabilize
Fe(BF)(CO)2(CNAr™PP2), (1), the first structurally characterized compound possessing a linear
fluoroborylene ligand.’® Herein, we revisit the synthesis of 1 and differentiate fluoroborylene
versus bis(difluoro)boryl complex formation from the dianionic iron starting material. We also
report the reactivity of ligated BF with various nucleophiles. The small fluoride substituent with

negligible n-donating capabilities yields an electrophilic boron center that displays more diverse

reactivity compared with other borylene ligands.
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4.2 Validating the Proposed Mechanism of Formation

It was previously noted in Chapter 3 of this dissertation that 2.8 equivalents of BF3-Et,O
were required in the optimized synthesis of fluoroborylene complex 1 from
K>[Fe(CO)(CNAr™PP2),  Additionally, tetrafluoroborate ([BFs]") ion was identified in the
reaction precipitate by 'F and "B NMR spectroscopy. Because of these observations, we
hypothesized that the formation of 1 proceeds via an unobserved monoanionic difluoroboryl
intermediate, and the second fluoride elimination is facilitated by another equivalent of BF3-Et>0O.3°
In order to test this, we sought to isolate an analogue of the postulated anionic intermediate. Stirring
1 in a dimethoxyethane (DME) suspension of CsF for 3 hours resulted in its clean conversion to a
single product, as assessed by 'H, '°F, and !'B {'H} NMR spectroscopy. Analysis of single crystals
by X-ray diffraction confirmed the product to be Cs[Fe(BF2)(CO)(CNAr™P2),] (2), in which
boron binds exogenous fluoride, and the resulting anionic BF2> moiety occupies an apical site of a
trigonal bipyramid (Scheme 4.1, Figure 4.1). The measured B-F bond distances (1.364 A, av.) and
YF and "B NMR chemical shifts (8 = —8.3 ppm; 8 = 46.8 ppm) of 2 match well with the
previously reported and structurally characterized difluoroboryl complexes.’!-*3 Notably, the
conversion of 1 to 2 changes the bond hybridization of boron from sp to sp?, respectively, resulting
in significantly longer Fe-B and B-F bonds (Table 1). Most importantly, when 2 is treated with
BF3-Et20O in a thawing Et;O solution, complex 1 is returned demonstrating the viability of the

previously reported mechanism of formation.
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CsF, DME

- ~c
oC \ BF;*Et,0, Et,0
— CsBF, \

Scheme 4.1. Synthesis of difluoroboryl complex Cs[Fe(BF2)(CO)(CNAr™PP2),] (2), and the
regeneration of Fe(BF)(CO)2(CNAr™P2), (1) by fluoride abstraction using BFs-EtO.

Figure 4.1. Solid-state structure of Cs[Fe(BF2)(CO)2(CNAr™PP2),] (2).
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The synthesis of 1 from either K>[Fe(CO)2(CNAr™PP2),] or 2 must be performed at low
temperatures (< —50 °C) in order to avoid the appearance of a second diamagnetic product that
displays a partially collapsed quartet in the 'F NMR spectrum centered at 8¢ = 2.56 ppm and a
broad singlet at 8g = 44.2 ppm in the ''B{'H} spectrum. This other species can be generated as the
major product by using toluene as the reaction solvent, which allowed for its crystallization and
identification as the bis(difluoro)boryl complex Fe(BF2)2(CO)2(CNAr™PP2), (3; Scheme 2, Figure
4.2). A similar solvent effect was also observed by Aldridge in the reactivity of Na[CpRu(CO):]
with BF3-Et,O, which favored a bridging fluoroborylene product in EtcO and a mononuclear
difluoroboryl complex in toluene.?® Presumably, the coordinating O-atom of Et;O can donate
electron density into the vacant p-orbital of boron, which increases the basicity of fluorine and
leads to double fluoride loss for both us and Aldridge. Compound 3 exhibits similar infrared
spectra with asymmetric C=N stretches blueshifted by ca. 40 cm™! and C=O0 stretches differing by
ca. 10 cm™! despite formal iron oxidation states of 0 and +2 in 1 and 3, respectively. This can be
attributed to the large o-donor/m-acceptor ratio of difluoroboryl ligands®* that make 3 a
comparatively electron-rich divalent iron center that engages in a high degree of © backbonding to
the isocyanide and carbonyl ligands. Positional disorder of the equatorial ligands (i.e. CO and BF>)
precludes a detailed structural comparison of the Fe-B and B-F bond distances, but they appear

roughly consistent with the values found in anionic difluoroboryl complex 2.
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Figure 4.2. Solid-state structure of Fe(BF2)2(CO)2(CNAr™PP2), (3).
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4.3 Reactivity of Coordinated BF with Nitrogen-Based Nucleophiles

The ability of 1 to bind a weak base such as fluoride led us to investigate the reactivity of
coordinated BF with more potent nucleophiles. Treating a thawing Et2O solution of 1 with 4-
dimethylaminopyridine (DMAP) resulted in an immediate color change from yellow to brown and
gave a single new "F resonance at 8 = —6.2 ppm. X-ray diffraction of dark yellow crystals
deposited from a n-pentane solution revealed the product to be the Lewis adduct
Fe(B(F)(DMAP))(CO),(CNAr™Pr2), (4; Scheme 4.3, Figure 4.3). As in compound 2, the Fe-B and
B-F bond lengths in 4 elongate as the geometry at boron changes from linear to trigonal planar and
boron migrates to an axial coordination site. The pyridine ring retains aromaticity, and the B-N
distance of 1.554 A is consistent with a single bond, suggesting that DMAP does not engage in 7
bonding with boron. Surprisingly, the ''B resonance of 4 shifts to slightly lower field than 1. This
effect runs opposite of the typical upfield shift observed when borylene coordination number
changes from 2 to 3 and electron density around the ''B nucleus increases.’>*¢ However, in 1,
significant double bond character between iron and boron gives a !'B resonance at unusually high
field for transition-metal borylene complexes.!® Coordination of DMAP in 4 disrupts © bonding
between iron and boron, which results in an unexpected downfield shift of the !'B nucleus. This
electronic effect is further borne out by a ca. 80—100 cm™! redshift of the isocyanide and carbonyl
stretching bands relative to 1. As Fe—B n backbonding is eliminated through a break in symmetry,
the excess electron density at iron from the strongly donating base-stabilized borylene is
accommodated by C=N and C=0 n" orbitals, weakening these bonds and leading to lower

frequency vibrations.
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Na(SiMea)z

Scheme 4.3. Derivatization of 1 with neutral and anionic nucleophiles forming, in clockwise order,
Fe(B(F)(DMAP))(CO)2(CNAr™P?2),  (4), Fe(BN(SiMe3)2)(CO)2(CNAr™™2),  (5), and
[Fe(B(F)N(i-Pr)2)(CO)2(CNAr™2),1 ([6]).
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Figure 4.3. Solid-state structure of Fe(B(F)(DMAP))(CO)2(CNAr™PP2), (4).

In an attempt to generate an aminoborylene complex analogous to the first linear borylenes
reported,'* 1 was treated with a Et;0 solution of sodium bis(trimethylsilyl)amide (NaN(SiMe3),).
After 3 hours, the starting material had been fully consumed, and no new resonances were observed
in the 'F NMR spectrum. Additionally, the '"B{'H} NMR spectrum displayed a very broad,
downfield resonance at o = 88.5 ppm, which lies in the typical range for aminoborylene

complexes!® and 1 ppm away from a spectroscopically observed species assigned as

Fe(BN(SiMe3)2)(CO)s.'*  Indeed, X-ray diffraction confirmed the product to be

113



Fe(BN(SiMe3)2)(CO)2(CNAr™PP2), (5; Scheme 4.3, Figure 4.4), an isolobal analogue of that
previously observed species. Contrasting with 1, this new borylene complex features axial
carbonyl ligands and an equatorial plane containing the two isocyanides and borylene, likely as a
result of steric pressures between the encumbering Ar'PP? and trimethylsilyl substituents. Notably,
the B-N distance (1.376 A) and planar geometry about nitrogen suggest double bond character, as
seen in other aminoborylene complexes.”!* Consequently, the degree of © bonding between iron

and boron in 5 is diminished relative to 1, as evidenced by a ca. 0.05 A Fe-B bond elongation.

Figure 4.4. Solid-state structure of Fe(BN(SiMe3).)(CO)2(CNArT™Pr2), (5)
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A parallel reaction using lithium diisopropylamide (LiN(i-Pr)2) as the nucleophile
produced a new singlet in the 'F NMR spectrum at 8r = —41.6 ppm, indicating that fluoride
elimination did not occur. This species was identified by X-ray analysis as the anionic boryl
complex [Li(Et20)][Fe(B(F)N(i-Pr)2)(CO)2(CNAr™PP2),] (6; Scheme 4.3, Figure 4.5). As in 2 and
4, the geometry about iron is trigonal bipyramidal with boron bound axially. However, in 6,
CNAr™PP2 is coordinated trans to boron, but this difference is likely a steric effect rather than an
electronic preference considering the strongly donating nature of both isocyanides and boryl
ligands. Importantly, 6 serves as an analogue of the intermediate in the formation of 5 before
fluoride elimination. The crystal structure of 6 also represents an intermediate geometry in the
ancillary ligand isomerization between axial isocyanides in 1 and equatorial isocyanides in 5. The
B-N distance in 6 is similar to 5, which is significantly shorter than in 4, due to @ donation from
amido substituents and a lack thereof from DMAP. The differentiation between nucleophilic
substitution in 5 and addition in 6 is not fully understood and is under further investigation. Using
LiN(SiMes3), in place of NaN(SiMes), produces aminoborylene 5 in comparable yield with no

detectable boryl formation. Accordingly, cation identity is not the dominant factor at play.
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Figure 4.5. Solid-state structure of [Fe(B(F)N(i-Pr)2)(CO)2(CNAr™PP2),]~ ([6]). Lithium cation
with coordinated EtoO omitted for clarity.

4.4 B=E Triple Bonds (E = N and O)

Braunschweig and co-workers isolated the first imino- and oxoboryl complexes via Pt-
centered oxidative addition of Br:BN(SiMes): or BroBOSiMes, respectively, followed by
intramolecular elimination of bromotrimethylsilane, and this remains the only strategy for
generating these ligands.!'” While, the addition of NaN(SiMe3), to fluoroborylene 1 furnished 5
with no observed generation of an anionic iminoboryl complex, we believed that a trimethylsilyl
group could be removed by exploiting the high affinity of silicon for fluorine. Stirring complex 5
in a DME suspension of CsF overnight resulted in broad, redshifted IR bands characteristic of an

anionic species, and '"H NMR revealed the formation of a single product with one CNAr™Pp2
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environment and a singlet at oy = 0.10 ppm integrating to 9 protons. Crystals readily deposited
from n-pentane/Et;O at —35 °C, which upon X-ray diffraction were shown to be the desired
Cs[Fe{BN(SiMe3)} (CO)(CNAr™PP2),] (7, Scheme 4.4, Figure 4.6). Similarly to the
aforementioned boryl complexes, the iminoboryl ligand of 7 binds at an apical site of five-
coordinate iron that deviates slightly from idealized trigonal bipyramidal geometry (ts = 0.78).3
The [BN(SiMe3)]™ ligand features a short B-N internuclear distance of 1.277 A that is slightly
longer than other structurally characterized examples of B-N triple bonds supported by transition
metals (1.245 — 1.266 A).373%4 The Cs cation is encapsulated by several cation-pi interactions
with the isocyanide triple bonds, the flanking arenes of the m-terphenyl substituents, and the BN
triple bond. This contact with Cs* and t backdonation from the electron rich, formally Fe(0) center
likely are the origin of the slightly longer B-N bond as well as a relatively downfield !'B resonance
(88 =56.0 ppm). In comparison, previously reported iminoboryl complexes display !'B resonances
between 16.9 and 33.6 ppm.*! Furthermore, the !'"B=N stretch was located at 1712 cm™!, redshifted

37.3940 consistent with the moderately activated

by ca. 90 cm™! from previously reported examples,
triple bond of 7. Attempts to displace the second trimethylsilyl group in search of the nitridoboryl
moiety ([BN]?) using excess fluoride or more potent nucleophiles (e.g. NaH, LiHBEts;, NaNH>)

have thus far been unsuccessful.
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Scheme 4.4. Synthesis of iminoboryl complex Cs[Fe {BN(SiMe3)} (CO)2(CNAr™PP2),] (7) via de-
silylation of 6 with CsF.

Figure 4.6. Solid-state structure of Cs[Fe{BN(SiMe3)}(CO)2(CNArPP2),] (7).
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This novel synthetic route to an Fe-bound iminoboryl ligand encouraged the pursuit of an
oxoboryl complex derived from the fluoroborylene moiety. To this end, lithium trimethylsilanolate
(LiOSiMes) was deemed a to 1 in a 1:2 DME/Et,O mixture at room temperature led to the full
consumption of starting material, as determined by the disappearance of the '°F resonance
associated with 1. X-ray analysis of yellow crystals grown from 9:1 n-pentane/DME revealed the
dimeric structure {[Li(DME)][Fe(BO)(CO)2(CNAr™"P2),]}, (8; Scheme 4.5, Figure 4.7), in which
two lithium cations coordinated by DME form a bridge between two inward facing oxoboryl O
atoms. The solid-state geometry of 8 resembles aminoborylene complex 5 with axial carbonyl
ligands and equatorial isocyanides in a distorted trigonal bipyramidal geometry. The Fe-B distance
in 8 (1.852 A) is longer than in borylene complexes 1 and 5 but shorter than in boryl complexes 2,
6, and 7, and the short B-O distance of 1.255 A suggests multiple bond character for the BO moiety.
However, coordination of Li* lowers the ©* orbital energy of the ostensible triple bond allowing
for increased Fe—B n backdonation. This results in a B-O internuclear distance that is longer than
the two reported values of terminal oxoboryl ligands (1.197, 1.210 A)!'*? and comparable to
borane-capped oxoboryl complexes (1.233, 1.245 A).*> While the !'B NMR resonance could not
be located, likely as a result of a short T2 relaxation time from slower molecular tumbling,™' the
solution FTIR spectrum of 8 in C¢Ds or n-pentane displays a band of moderate intensity at 1609
cm! along with a very weak band at 1660 cm™!, assignable to highly activated B=O stretches from
both "B and '°B isotopologues, respectively (Figure 4.8). For comparison, the oxoboryl-borane
adducts exhibit ''B=O stretches at 1732 and 1721 cm™!, further indicating the highly activated

nature of the B-O bond in 8.
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LiOSiMe,
Et,O/DME

Scheme 4.5. Formation of dimeric oxoboryl complex {[Li(DME)][Fe(BO)(CO)»(CNArTPP2),]},
(8) from LiOSiMe; and 1. Boryl and borylene resonance forms are drawn.
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Figure 4.7. Solid-state structure of {{Li(DME)][Fe(BO)(CO)2(CNAr™PP2),]1, (8).
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Figure 4.8. Solution FTIR spectrum of 8 recorded in n-pentane at 25 °C with KBr windows.
Selected stretching bands are labeled.

It was observed that dissolution of 8 in coordinating solvents (e.g. THF, DME) produces a
different IR spectrum with broadened and slightly redshifted isocyanide and carbonyl stretches in
addition to more intense B=O bands at 1744 and 1692 cm™! in a 1:4 integrated ratio, respectively,
due to the natural abundances of '°B and !'B (Figure 4.9). Importantly, the ''B NMR spectrum of
8 dissolved in THF or DME exhibits an identifiable broad resonance centered at og = 44.3 ppm.
Consistent with the ''B resonance of 7, this signal is roughly 30 ppm downfield of Pt-based
systems.*! These data suggest that the dimeric structure of 8 can be broken up in solution by lithium
cation encapsulation. However, recrystallization from 100% DME or THF returned crystals of

dimeric 8 with no evidence for a monomer in the solid state. We tentatively assign the solution-
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phase geometry as analogous to 7 based on FTIR analysis. The more intense B=O stretches seen
in THF likely arise from a greater change in dipole moment associated with axial versus equatorial
coordination, and nearly equal intensity symmetric and asymmetric C=O stretches implies a ~90°

arrangement of the two carbonyl ligands.*>#*
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Figure 4.9. Solution FTIR spectrum of 8 recorded in THF at 25 °C with KBr windows. Selected
stretching bands are labeled.

In order to isolate an oxoboryl complex of iron with a bona fide triple bond both in solution
and in the solid state, 8 was stirred in a THF solution of tetra-n-butylammonium chloride (NBu4Cl)
to exchange the cation prevent dimerization. A white precipitate formed within minutes, and NMR
spectroscopy exhibited 'H resonances belonging to a single new product, and a ''B signal

observable in C¢Ds at 6 = 42.9 ppm. X-ray diffraction of yellow single crystals grown from n-
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pentane/benzene showed the discrete ion pair NBus[Fe(BO)(CO)2(CNAr™PP2),] (NBu4[9];
Scheme 4.6, Figure 4.10). Separation of the cation away from the oxoboryl ligand in 8 resulted in
a significant change in geometry closer in likeness to a square pyramid than a trigonal bipyramid
(ts = 0.30). The distorted solid-state geometry may be partially influenced by the NBu4 cation,
which approaches the [BO]™ ligand placing two o C-H protons within the range of non-classical
hydrogen bonding, less than 2.6 A away from the oxoboryl O atom.** However, the structure of
[9]" bears resemblance to Fe(CNz-Bu)s, an electron-rich analog of Fe(CO)s.*® Accordingly, the
distortion in [9] is likely due primarily to the extreme c-donor/m-acceptor ratio of [BO]."
Importantly, cation exchange also leads to an elongation of the Fe-B distance to 1.925 A and a
contraction of the B-O bond to 1.224 A, along with a new '"B=O IR absorbance at 1720 cm™!
indicating a stronger bond than in 8 (Figure 4.11). Both the B-O distance and !'B=O IR stretch for
[9] deviate slightly from the previously reported neutral species trans-[(Cy3P)2(SPh)Pt(BO)] (Cy
= cyclohexyl; Ph = phenyl) (1.210(3) A; 1793 cm™, respectively)'! implying a triple bond that is
activated by m backbonding from iron instead of Lewis acid coordination as in 8 or previously

reported oxoboryl-borane adducts.*?

N N
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Scheme 4.6. Li* for NBus" cation exchange of 8 to generate NBus[Fe(BO)(CO)2(CNArTTPP2),]
(NBu4[9)).
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Figure 4.10. Solid-state structure of NBus[Fe(BO)(CO)(CNAr™PP2),] (NBus[9]).
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Figure 4.11. Solution FTIR spectrum of 9 recorded in C¢Ds at 25 °C with KBr windows. Selected
stretching bands are labeled.

Over the course of these investigations, it was observed that the solution FTIR spectrum of
1 often displays four CO stretches instead of two, but 'H, '°F, and ''B NMR spectroscopy show
only one compound. This suggests that compound 1 isomerizes between at least two geometries
faster than the NMR timescale but slow enough to be detected by IR spectroscopy. Fortuitously,
in a couple isolated incidents, Fe(BF)(CO)2(CNAr™PP?), crystallized into a new distorted square
pyramidal geometry (ts = 0.23) that is somewhat similar to [9]™ (1°; Figure 4.12). The B-F distance
in 1’ is even shorter than in 1 (1.245 vs. 1.277 A), but we still refrain from invoking any significant
7 donation from fluorine to boron. In an attempt to determine the energy difference between 1 and

1’, variable temperature IR (VT-IR) measurements were performed. However, the ratio of the two
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pairs of CO stretches appeared unchanged between the temperature range —60° C — 50 °C.
Additionally, two-dimensional IR experiments failed to elucidate any information as a result of
low intensity bands from 1’ and decomposition occurring before a cross-peak could be identified.
These two geometries evidently are very close in energy, and the only known factor to favor one
geometry over the other is crystal packing; the crystal structure of 1’ contains co-crystallized

benzene.

Figure 4.12. Solid-state structure of pseudo-square pyramidal Fe(BF)(CO)2(CNAr'™Pp2), (1°).
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4.5 Concluding Remarks

In summary, we have shown that boron monofluoride coordinated to iron is susceptible to
nucleophilic attack at boron. We have provided experimental evidence to suggest that the
fluoroborylene ligand of 1 is formed by fluoride abstraction from an anionic difluoroboryl
intermediate. Reaction with other nucleophiles resulted in novel boryl, base-stabilized borylene,
and aminoborylene functionalities. We have shown that a bis(trimethylsilyl)aminoborylene can be
directly converted to the first anionic iminoboryl complex. While early aminoborylene and
iminoboryl complexes both possessed trimethylsilyl substituents,'**7 interconversion between
these ligand types has never been reported. Separately, direct conversion of 1 to the first anionic
oxoboryl complex can be achieved in a manner functionally similar to yet operationally distinct
from the synthesis of other oxoboryl species. To the best of our knowledge, this is the only case

where the same metal center has been shown to support all of these ligand types.

4.6 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of
purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise stated,
reagent-grade starting materials were purchased from commercial sources and either used as
received or purified by standard procedures.*® Solvents were dried and deoxygenated according to
standard procedures.*’ Benzene-ds (Cambridge Isotope Laboratories) was distilled from NaK
alloy/benzophenone and stored over activated 3 A molecular sieves for 2 d prior to use. Celite 405
(Fischer Scientific) was dried under vacuum at a temperature above 250 °C for 24 h and stored in

a glovebox prior to use. Fe(BF)(CO)2(CNAr™™PP?), was synthesized as previously reported.
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Solution 'H, *C{'H}, !'B, and '’F NMR spectra were recorded on a Varian X-SENS 500
or a JEOL ECA 500 spectrometer equipped with a two-channel, broadband, inverse-detect 5 mm
probe. 'H and *C{'H} chemical shifts are reported in ppm relative to SiMes (‘H and *C § = 0.0
ppm) with reference to residual solvent resonances of 7.16 ppm ('H) and 128.06 ppm (!3C) for
CeDe.*® 1'B NMR chemical shifts were referenced externally to BF3-OEt; (8 = 0.0 ppm). ’F NMR
chemical shifts were referenced externally to CeHsF (8 =—113.11 ppm in CsDe.*’ Solution FTIR
spectra were recorded on a Thermo-Nicolet iS10 FTIR spectrometer using a ThermoFisher
solution cell equipped with KBr windows. Solvent peaks were digitally subtracted from all
solution FTIR spectra by comparison with an authentic solvent spectrum obtained prior to that of
the sample. The following abbreviations were used for the intensities and characteristics of
important IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very

weak; sh = shoulder.

Preparation of Cs[Fe(BF2)(CO)2(CNAr™PP2)] (2). To a 20 mL scintillation vial charged
with CsF (10 equiv.) was added a DME solution of 1 (5 mL). The resulting suspension was stirred
at room temperature for 4 hours, after which time the red solution was filtered through Celite into
a clean vial. The solvent was removed in vacuo, and the solid was stirred in n-pentane (~2 mL) for
5 minutes before evaporating to dryness. This process was repeated three times to ensure the
removal of solubilized CsF. The golden yellow Cs[Fe(BF2)(CO)2(CNAr™P2),] powder was
extracted in EtO, filtered through a fiberglass filter pipet, and evaporated once more. The material
was purified by recrystallization from n-pentane/Et;O (9:1) overnight at —35 °C giving diffraction
quality crystals. 'TH NMR (499.8 MHz, CsDs, 20 °C): & = 7.21 (s, 8H, m-Tripp), 6.94 (d, J = 7.1

Hz, 4H, m-Ph), 6.85 (t, J= 7.6 Hz, 2H, p-Ph), 2.95 (sept, J = 6.9 Hz, 4H, CH(CHs),), 2.87 (sept, J
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= 6.9 Hz, 8H, CH(CHs),), 1.39 (d, J = 7.0 Hz, 24H, CH(CH:),), 1.38 (d, J = 6.9 Hz, 24H,
CH(CHz)), 1.11 (d, J = 6.9 Hz, 24H, CH(CHs)2) ppm. '*C{'H} NMR (125.7 MHz, C¢Ds, 20 °C):
5=212.9,212.6, 148.7, 147.4, 136.49, 136.46, 136.35, 130.4, 123.8, 121.4, 34.8, 31.2, 24.9, 24.5,
23.6 ppm. ''B NMR (160.4 MHz, CsDs, 20 °C): 8 =46.8 ppm (br s). '°F NMR (470.4 MHz, C¢De,

20 °C): 6 =-8.29 ppm (br s).

Synthesis of Fe(BF)(CO)2(CNAr™PP2); (1) from Cs[Fe(BF2)(CO)2(CNAr™PrP2),] (2).
A thawing Et;O solution of 2 (5 mL) was treated with an equally cold solution of BF3-Et:O in
Et0O (1.9 equiv.) in a liquid nitrogen cooled cold well. This solution was stirred at room
temperature for 30 s, then re-chilled for 1 min, and this process was repeated five times before
allowing the solution to stir at room temperature for 10 min, during which time, the solution
changed from red to yellow/brown. Analysis of the crude reaction mixture by 'H and '°F NMR

revealed 1 to be the major product.

Preparation of Fe(BF2)2(CO)(CNAr™PP2), (3). K;[Fe(CO)(CNAr™2),]  was
dissolved in 4 mL toluene and frozen in a liquid nitrogen-cooled cold well. BF3-Et,O (3.0 equiv.)
was dissolved in a separate vial of toluene (2 mL), which was also frozen. The two solutions were
combined upon thawing and allowed to stir at room temperature for 1 min, then re-chilled for 2
minutes. The vial that contained the BF3-Et;O was rinsed with another 1 mL toluene, cooled, and
added to the reaction vial. The cooling and stirring process was repeated five times before allowing
the solution to stir at room temperature for 10 min, during which time, the solution changed from
red to yellow/brown. All volatiles were removed in vacuo, and the resulting yellow solid was

subjected to three cycles of stirring in n-pentane and evaporating solvent before being filtered
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through Celite to remove the salt byproducts. The solid was re-dissolved in n-hexane/Et;O (9:1)
with 2 drops of benzene and set at —35 °C overnight revealing pale yellow blocks suitable for X-
ray diffraction. 'H NMR (300 MHz, C¢Ds, 20 °C): & = 7.22 (s, 8H, m-Tripp), 6.94 (d, J = 7.1 Hz,
4H, m-Ph), 6.87 (t, J = 7.0 Hz, 2H, p-Ph), 2.95 (sept, J = 6.4 Hz, 4H, CH(CHs)>), 2.68 (sept, J =
6.5 Hz, 8H, CH(CHs)2), 1.40 (d, J=6.7 Hz, 24H, CH(CH3)2), 1.36 (d, /= 6.7 Hz, 24H, CH(CHs)>),
1.10 (d, J= 6.4 Hz, 24H, CH(CH3),) ppm. ''B NMR (96 MHz, C¢Ds, 20 °C): § = 44.2 ppm (br s).
F NMR (282 MHz, C¢Ds, 20 °C): & = 2.58 ppm (partially collapsed quartet, J = 181 Hz). FT-IR
(CéDs, KBr Windows, 25 °C): v(C=N) = 2100 (vs) cm™!, v(C=0) = 1992 (s), 1944 (s) cm™, also
1608 (m), 1542 (w), 1469 (vw), 1442 (vw), 1384 (w), 1362 (vw), 1319 (w), 1271 (vw), 1218 (w),

1149 (w), 1007 (vw), 960 (vw), 917 (w), 879 (vw), 760 (w), 706 (vw), and 609 (m) cm "

Preparation of Fe(B(F)(DMAP))(CO)(CNAr™PP2), (4). Compound 1 and 4-
dimethylaminopyridine (0.95 equiv.) were separately dissolved in 3 mL Et;O and frozen in a liquid
nitrogen-cooled cold well. Upon thawing, the solution of DMAP was added to 1 over the course
of 2 minutes, and the solution quickly turned from yellow to dark brown. The reactions was stirred
at room temperature for 25 minutes before evaporating the solvent. The dark yellow solid was
dissolved in n-pentane/Et2O (1:1) and stored overnight at —35 °C depositing blackish-yellow
crystals of mostly pure Fe(B(F)(DMAP))(CO)(CNAr™PP2), Crystals suitable for X-ray
diffraction were grown from the first crystal harvest in EtoO/toluene (20:1) over two days at —35
°C. 'H NMR (499.8 MHz, CsDs, 20 °C): & = 8.20 (d, J = 7.3 Hz, 2H), 7.21 (s, 8H, m-Tripp), 6.96
(d, J=17.5 Hz, 4H, m-Ph), 6.82 (dd, J = 7.9, 7.0 Hz, 2H, p-Ph), 5.82 (d, /= 7.3 Hz, 2H), 2.98 (m,
12H, CH(CHzs)2), 2.04 (s, 6H, N(CH3)2), 1.45 (d, J= 6.9 Hz, 24H, CH(CH3)2), 1.39 (d, /= 6.9 Hz,

24H, CH(CH3),), 1.23 (d, J= 6.7 Hz, 24H, CH(CH3),) ppm. ''B NMR (160.4 MHz, C¢Ds, 20 °C):
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8 = 74.0 ppm (br s) *tentative. ’F NMR (470.4 MHz, C¢Dg, 20 °C): & =—6.19 ppm (br s). FT-IR
(Et20, KBr Windows, 25 °C): v(C=N) = 2052 (m), 1946 (s), 1915 (s) cm™!, v(C=0) = 1903 (s),
1862 (s) em™, also 1640 (m), 1612, (vw), 1571 (vw), 1559 (vw), 1265 (vw), 927 (w), 873 (w),
841 (vw), 816 (m), 752 (w), 723 (w), 679 (w), 668 (W), 647 (W), 598 (w), 514 (vw), and 490 (w)
cm .

Preparation of Fe(BN(SiMe3)2)(CO)2(CNArTrPP2), (5), To a thawing Et>O solution of 1
(5 mL) was added a room temperature solution of NaN(SiMe3), in Et,O (1.05 equiv., I mL) over
1 minute. The reaction was stirred at room temperature for 30 minutes, and volatiles were removed
in vacuo. The resulting brown solid was stirred in n-pentane for 3 minutes and dried three times to
liberate  solvated NaF. Successive washes with n-pentane left behind pure
Fe(BN(SiMe3),)(CO)2(CNArT™PP?), as an orange solid in moderate yield, and yield was maximized
by recrystallizing from the wash. Diffraction quality crystals were grown from n-pentane/benzene
(9:1) at —35° C overnight. "H NMR (499.8 MHz, C¢Ds, 20 °C): & = 7.25 (s, 8H, m-Tripp), 6.95 (d,
J=17.5Hz, 4H, m-Ph), 6.83 (t, J= 7.5 Hz, 2H, p-Ph), 3.02 (sept, J = 6.8 Hz, 4H, CH(CH3)>), 2.89
(sept, J= 6.6 Hz, 8H, CH(CH3)2), 1.43 (d, J = 6.8 Hz, 24H, CH(CH3)2), 1.40 (d, J = 6.8 Hz, 24H,
CH(CHs3),), 1.20 (d, J = 6.7 Hz, 24H, CH(CHs)2), 0.10 (s, 18 H, Si(CH3)2) ppm. BPC{'H} NMR
(125.7 MHz, C¢Ds, 20 °C): 6 =219.5 (CO), 188.5 (CNR), 148.6, 146.5, 137.5, 134.2, 131.1, 130.9,
125.1,121.5, 35.0, 31.3, 24.9, 24.8, 24.5, 3.1 ppm. ''B NMR (160.4 MHz, CsDs, 20 °C): & = 88.5
ppm (br s). FT-IR (C¢Ds, KBr Windows, 25 °C): v(C=N) = 2084 (s), 2060 (m), 2021 (vs), cm !,
v(C=0) = 1990 (vs), 1954 (m), 1924 (vs) cm™, also 3046 (vw), 2959 (vs), 2930 (s), 2904 (m),

2870 (s), 1607 (w), 1570 (w), 1542 (vw), 1461 (w), 1428 (w), 1384 (vw), 1365 (w), 1253 (m),
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1243 (vw), 1153 (vw), 1104 (vw), 1053 (w), 941 (w), 868 (m), 756 (W), 735 (vw), 702 (vw), 646

(m) cm™.

Preparation of [Li(Et,0)][Fe(B(F)N(i-Pr)2)(CO)2(CNAr™™PP2),] (6). 1 was frozen in
Et,0 (5 mL), and while thawing, a room temperature Et2O/DME (9:1) solution of LiN(i-Pr) (1.0
equiv., 3 mL) was slowly added over the course of 3 minutes. The mixture was chilled in the cold
well for another 4 minutes before stirring at room temperature for 25 minutes. Volatiles were
removed, and [Li(Et20)][Fe(B(F)N(i-Pr)2)(CO)2(CNAr™PP?),] was extracted in n-pentane. The
volume of this solution was reduced to ~1 mL, and 5 drops of Et;O were added. Storage of this
solution at —35 °C for two days produced diffraction quality crystals. "H NMR (300 MHz, C¢Ds,
20 °C): 8 = 7.29 (s, 8H, m-Tripp), 6.95 (d, J = 7.1 Hz, 4H, m-Ph), 6.84 (t, J = 7.9 Hz, 2H, p-Ph),
2.98 (sept, J = 6.9 Hz, 4H, CH(CHa)2), 2.92 (sept, J = 6.8 Hz, 8H, CH(CH3)2), 1.40 (d, J = 6.8 Hz,
24H, CH(CHs)2), 1.34 (d, J= 6.6 Hz, 24H, CH(CH:)2), 1.18 (d, J = 6.6 Hz, 24H, CH(CH3)>) ppm.
""BNMR (160.4 MHz, C¢Ds, 20 °C): 8 = 46.2 ppm (br s) *tentative. 'F NMR (470.4 MHz, C¢Ds,

20 °C): 6 =—41.65 ppm (br s).

Preparation of Cs[Fe{B(N(SiMe3)}(CO)2(CNArTPP2),] (7). To a vial charged with CsF
(15 equiv.) was added a DME/THF (1:1) solution of 5, and the mixture was stirred for 6 hours. All
volatiles were then removed by vacuum evaporation, and the solid was stirred in n-pentane (~2
mL) for 5 minutes before evaporating to dryness. This process was repeated three times to ensure
the full precipitation of solvated CsF. Gently washing the product with 5 x 1 mL n-pentane left
behind spectroscopically pure Cs[Fe{B(N(SiMe3)}(CO)2(CNAr™PP2),]. Single crystals suitable

for X-ray diffraction were grown from n-pentane/Et,O (5:1) with a drop of benzene. 'H NMR
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(499.8 MHz, C¢Ds, 20 °C): & = 7.24 (s, 8H, m-Tripp), 6.88 (d, J = 7.3 Hz, 4H, m-Ph), 6.82 (t, J =
7.3 Hz, 2H, p-Ph), 2.99 (sept, J = 6.8 Hz, 4H, CH(CHs)2), 2.90 (sept, J = 6.9 Hz, 8H, CH(CHs)»),
1.43 (d, J = 6.7 Hz, 24H, CH(CHs)2), 1.40 (d, J = 6.9 Hz, 24H, CH(CHs),), 1.15 (d, J = 6.6 Hz,
24H, CH(CH;)s), 0.31 (s, 9H, Si(CHs)s) ppm. '3C{'H} NMR (125.7 MHz, CsDs, 20 °C): & = 206.8,
206.6, 148.6, 147.5, 136.1, 135.1, 130.3, 124.1, 121.6, 121.4, 34.7, 31.3, 24.7, 24.53, 24.48, 4.4
ppm. "B NMR (160.4 MHz, C¢Ds, 20 °C): 8 = 55.4 ppm (br s). FT-IR (CsDs, KBr Windows, 25
"C): v(C=N) = 2072 (m), 1924 (s) cm™!, v(C=0) = 1894 (s), 1813 (s) cmn~!, v(''B=N) = 1712 cm-
1 also 3047 (vw), 2962 (vs), 2934 (m), 2904 (w), 2869 (m), 1608 (w), 1573 (w), 1472 (vw), 1415
(W), 1384 (vw), 1361 (vw), 1240 (vw), 1243 (vw), 1149 (w), 1103 (vw), 1049 (w), 1006 (w), 941
(vw), 883 (m), 756 (m), 651 (w), 617 (w) cm™'. *v(!°B=N) not observable due to overlap with the

lowest energy v(C=0).

Preparation of {{Li(DME)][Fe(BO)(CO)2(CNAr™PP2),]1, (8). A solution of LIOTMS in
EtO/DME (2:1; 4.2 equiv., 4 mL) was slowly added to a solution of 1 in Et2O (5 mL) at room
temperature over 8 minutes, gradually darkening to orange-brown. After 40 minutes, all volatile
components were removed in vacuo. The solid was stirred in n-pentane, and the volatiles were
again removed. Subsequent washing with n-pentane revealed a spectroscopically pure bright
yellow powder that showed relatively low solubility in alkane and arene solvents but very good
solubility in ethereal solvents accompanied by a color change from yellow to orange. Diffraction
quality crystals could be grown from Et,O/DME (1:1) stored at —35 °C over two days. 'H NMR
(499.8 MHz, CsDs, 20 °C): 6 = 7.26 (s, 8H, m-Tripp), 6.99 (d, J = 7.6 Hz, 4H, m-Ph), 6.86 (dd, J
=17.8, 7.2 Hz, 2H, p-Ph), 3.46 (br s, 4H, DME CH>), 3.36 (s, 6H, DME CH3), 3.08 (sept, J = 6.9

Hz, 4H, CH(CHs),), 2.95 (sept, J = 6.8 Hz, 8H, CH(CHs)), 1.50 (d, J = 6.9 Hz, 24H, CH(CHs)2),
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1.37 (d, J = 6.9 Hz, 24H, CH(CH3)>), 1.31 (d, J = 6.9 Hz, 24H, CH(CHs3),) ppm. C{'H} NMR
(125.7 MHz, CsDs, 20 °C): § =225.5 (CO), 188.6 (CNR), 148.1, 146.6, 136.8, 134.4, 131.4, 130.0,
124.1, 120.9, 35.1, 31.3, 24.80, 24.77, 24.70 ppm. *Resonances for coordinated DME were not
located. ''B NMR (160.4 MHz, C¢Ds, 20 °C): & = N/A. ''B NMR (160.4 MHz, THF, 20 °C): & =
44.3 ppm (br s). FT-IR (CsDs, KBr Windows, 25 °C): v(C=N) = 2082 (w), 1979 (vs) cm™!, v(C=0)
= 1928 (w), 1900 (m) cm™!, v(1°B=0) = 1660 (vw) cm™!, v(!'B=0) = 1609 (m) cm!, also 3047
(VW), 2962 (vs), 2934 (m), 2904 (w), 2869 (m), 1608 (w), 1573 (w), 1472 (vw), 1415 (w), 1384
(vw), 1361 (vw), 1240 (vw), 1243 (vw), 1149 (w), 1103 (vw), 1049 (w), 1006 (W), 941 (vw), 883
(m), 756 (m), 651 (w), 617 (w) cm™'. FT-IR (THF, KBr Windows, 25 °C): v(C=N) = 2069 (m),
2026 (w), 1952 (vs) cm™!, v(C=0) = 1893 (s), 1875 (s) cm ™!, v(1’B=0) = 1744 (w) cm ™!, v(!!B=0)
= 1692 (m) cm!, also 3047 (vw), 2962 (vs), 2934 (m), 2904 (w), 2869 (m), 1608 (w), 1573 (w),
1472 (vw), 1415 (w), 1384 (vw), 1361 (vw), 1240 (vw), 1243 (vw), 1149 (w), 1103 (vw), 1049

(w), 1006 (w), 941 (vw), 883 (m), 756 (m), 651 (w), 617 (w) cm™.

Preparation of NBus[Fe(BO)(CO)2(CNArT"PP2),] (NBu4[9]). To a THF solution of 8 (5
mL) was slowly added a THF solution of NBu4ClI (1.05 equiv., 2 mL), and the mixture was stirred
for 45 minutes. The solvent was evaporated under vacuum, and the resulting solid was stirred in
n-pentane revealing a white precipitate. The product dissolved in n-pentane was passed through
Celite to remove LiCl. The volume was reduced to ~ 0.75 mL and ~0.05 mL benzene was added
for recrystallization at -35 °C, which produced diffraction quality crystals of
NBus[Fe(BO)(CO)2(CNArTPP2),] after 3 days. '"H NMR (499.8 MHz, CsDe, 20 °C): & = 7.35 (s,
8H, m-Tripp), 7.08 (d, J = 7.5 Hz, 4H, m-Ph), 6.91 (t, J = 7.5 Hz, 2H, p-Ph), 3.14 (sept, J = 6.9

Hz, 4H, CH(CHs),), 3.08 (sept, J = 6.9 Hz, 8H, CH(CHs)), 1.55 (d, J = 6.9 Hz, 24H, CH(CH3)2),
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1.48 (d, J = 6.9 Hz, 24H, CH(CHs)2), 1.34 (d, J = 6.9 Hz, 24H, CH(CHz)2) ppm. *Resonances
from the tetra-n-butylammonium cation were located as broad peaks centered at 2.58, 1.04, and
0.90 ppm with the fourth expected resonance obscured by the aliphatic doublet resonances of [9]"
. BC{'H} NMR (125.7 MHz, C¢Ds, 20 °C): & = 220.1 (CO), 195.2 (CNR), 147.7, 146.6, 137 .4,
135.0, 133.0, 130.2, 123.5, 121.4, 35.1, 31.4, 25.1, 24.7 ppm. *Resonances from the tetra-n-
butylammonium cation were located as broad peaks centered at 58.1, 24.1, 19.9 and 14.1 ppm. ''B
NMR (160.4 MHz, C¢Ds, 20 °C): 8 =42.9 ppm (br s). FT-IR (CsDs, KBr Windows, 25 °C): v(C=N)
= 2062 (m), 2024 (w), 1943 (vs) cm™!, v(C=0) = 1884 (s), 1848 (s) cm™!, v(1°B=0) = 1772 (w)
cm !, v(1'B=0) = 1720 (m) cm™!, also 3047 (vw), 2962 (vs), 2934 (m), 2904 (w), 2869 (m), 1608
(w), 1573 (w), 1472 (vw), 1415 (w), 1384 (vw), 1361 (vw), 1240 (vw), 1243 (vw), 1149 (w), 1103

(vw), 1049 (w), 1006 (w), 941 (vw), 883 (m), 756 (m), 651 (w), 617 (w) cm".

4.7 Details of Crystallographic Structure Determinations

General. Single X-ray structure determinations were performed at 100 K on Bruker Kappa
diffractometers equipped with either a Mo or Cu radiation source and an APEX-II CCD area
detector. All structures were solved via direct methods with SHELXS>® and refined by full-matrix
least-squares procedures using SHELXL?® within the Olex23! software. All hydrogen atoms have
been removed for clarity. Disordered components and co-crystallized solvent molecules are not

shown for clarity.
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Table 4.1. Crystallographic Data Collection and Refinement Information.

Name Cs[Fe(BF2)(CO): Fe(BF2)2(CO)2 Fe(B(F)(DMAP))(CO):
(CNArTPP2),] (2) (CNArTTPP2), (3) (CNArTPP2), (4)+1.8 C7Hs
Formula C76HosBCsF2FeN202 Cr6HosB2F4FeN202 Cos.6H1224BFFeN4O2
Crystal System Monoclinic Monoclinic Monoclinic
Space Group C2i/c P2i/n P2i/c
a, A 18.7574(11) 16.9225(9) 14.7834(4)
b, A 15.6659(9) 17.1531(9) 32.4182(8)
¢, A 25.2313(15) 25.7017(13) 17.9764(5)
o, deg 90 90 90
B, deg 107.5700(10) 107.4810(10) 92.772(2)
v, deg 90 90 90
v, A3 7068.5(7) 7116.0(6) 8605.1(4)
Z 4 4 4
Radiation (A, A) Mo-Ka, 0.71073 Mo-Ka, 0.71073 Mo-Ka, 0.71073
p (caled.), Mg/m® 1.230 1.143 1.116
u (Mo Ka), mm! 0.771 0.267 0.226
Temp, K 100 100 100
0 max, deg 25.435 25.735 25.392
data/ 6537/485 13558/960 15797/971
parameters
Ri 0.0347 0.0761 0.0685
WR> 0.0812 0.2029 0.1584
GOF 1.069 1.047 1.049
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Table 4.2. Crystallographic Data Collection and Refinement Information.

Name Fe(BN(SiMes)2)(CO):2 Li[Fe(B(F)N(i-Pr)2)(CO)2  Cs[Fe{BN(SiMes)}(CO)2
(CNArTPP2), (5)+CsHs (CNATrTPP2))] (CNArTPP2),1 (7)
(6)°1.75Et.0
Formula CssHi122BFeN3 0251z CsoHi205BFFeLiN3O3.75 Cos.cH1224BFFeN4O2
Crystal System Triclinic Triclinic Monoclinic
Space Group P-1 P-1 P2i/n
a, A 12.6768(14) 12.6519(2) 15.6847(5)
b, A 13.9335(12) 14.7464(2) 32.2948(11)
c A 24.860(3) 24.2692(4) 17.7360(6)
o, deg 85.385(3) 76.6970(10) 90
B, deg 86.433(3) 80.8360(10) 91.958(2)
Y, deg 78.787(4) 81.9470(10) 90
v, A3 4288.4(7) 4368.91(12) 8978.6(5)

VA 2 2 4
Radiation (A, A) Mo-Ka, 0.71073 Cu-Ka, 1.54178 Mo-Ka, 0.71073
p (caled.), Mg/m® 1.066 1.059 1.005
u (Mo Ka), mm™! 0.249 1.753 0.619

Temp, K 100 100 100
0 max, deg 25.405 68.346 25.480
data/ 15757/1072 15318/1042 16605/892
parameters

R 0.0612 0.0719 0.0974

WR> 0.1550 0.2106 0.2046
GOF 1.019 1.052 1.196
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Table 4.3. Crystallographic Data Collection and Refinement Information.

Name {[Li(DME)][Fe(BO)(CO)
(CNAT™#2)]1, (8)DME

NBus[Fe(BO)(CO):
(CNATT™2),] (NBus[9])

Fe(BF)(CO)
(CNATL#2),] (17)+CoHs

Formula Ci64H226B2Fe2LiaN4O12 C92H134BFeN3O; Cs2Hi104BFFeN202
Crystal System Triclinic Monoclinic Triclinic
Space Group P-1 P2i/c P-1
a, A 14.3145(10) 21.348(2) 15.2991(5)
b, A 15.2736(10) 15.6788(15) 16.4687(6)
¢ A 20.9347(14) 29.283(3) 18.2117(6)
o, deg 82.400(2) 90 64.4580(10)
B, deg 73.984(2) 107.1300(10) 76.7390(10)
Y, deg 65.128(2) 90 88.4430(10)
v, A3 3990.6(5) 9366.5(15) 4016.3(2)
Z 2 4 2

Radiation (A, A)

Mo-Ka, 0.71073

Mo-Ka, 0.71073

Mo-Ka, 0.71073

p (caled.), Mg/m? 1.079 0.990 1.022
i (Mo Ko), mm™ 0.238 0.205 0.232
Temp, K 100 100 100

0 max, deg 21.967 25.027 26.418

data/ 9722/865 16441/975 16456/885
parameters

R; 0.0537 0.0552 0.0637

WR; 0.1092 0.1250 0.1599

GOF 1.022 1.016 1.026
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Chapter 5

Small Molecule Binding and Activation by a Functional
Analogue of Fe(CO)4

5.1 Introduction

The transient species Fe(CO)4 has long been viewed as a prototypical reaction intermediate
by organometallic chemists.!* While Fe(CO)4 was first mentioned in the literature in 1891 as the
product formed upon passage of carbon monoxide over activated iron,* more accurate results in a
subsequent report corrected the formula of this volatile iron carbonyl to Fe(CO)s.> The existence
of Fe(CO)s was postulated again 14 years later as the intermediate after CO dissociation in the
decomposition of Fe(CO)s to Fea(CO)o in sunlight, the first reported photoreaction involving a
metal carbonyl.>® Following this observation, the photochemistry of Fe(CO)s was thoroughly
explored throughout the 20" century, leading to its application in numerous catalytic processes
such as olefin hydroformylation, hydrogenation, hydrosilylation, and isomerization.”-1

Due to its rich history, Fe(CO)s has also served as a model system for the advancements of
techniques including matrix isolation,!! time-resolved infrared spectroscopy (TRIR),'? and
electron diffraction.!3 The structure, bonding, and reactivity of the Fe(CO)s fragment have been
consistent research topics for decades.!*!%16 Given that a tetrahedral arrangement of ligands
around a d® metal center is Jahn-Teller unstable, Burdett and Hoffmann predicted a Cay saw-horse
geometry. Consequently, the two highest-lying metal-based orbitals are close in energy leading to
a high-spin § = 1 electronic configuration.!”! Poliakoff provided direct experimental evidence of
this in various matrices at 20 K by measuring the bond angles of photogenerated Fe(CO)4 by IR

spectroscopy in comparison with predicted values.!! Additionally, bearing a triplet *B> ground
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state 4with an energetically accessible singlet 'A; excited state,!* Fe(CO)s has also been used to
examine the effect of spin-state on molecular structure and reactivity.!6-20-22

Despite the exciting reaction chemistry available to the Fe(CO)4 fragment such as alkane
binding and E-H bond activation, the fleeting nature of this species and its reaction products has
precluded detailed structural and stoichiometric reactivity studies.!!'®23 A notable exception to
this has been the unequivocal structure determination of the excited 'A; electronic state of Fe(CO)4
in the gas phase using ultrafast electron diffraction.!® The reactivity of Fe(CO)s has inspired the
synthesis of a number of four-coordinate, formally iron(0) complexes utilizing carbenes, olefins,
and/or phosphines. However, the electronic structures of these ligands relative to CO lead to
dissimilar Fe d-orbital manifolds and reactivity divergent from Fe(CQO)4.23%°

Our group has found success in isolating analogues of classical unsaturated metal carbonyls
(e.g. Pd(CO)2, Ni(CO)3, Co(CO)s, Mn(CO)s) through the use of sterically encumbering m-
terphenyl isocyanides, which are isolobal to CO.3%-33 In an attempt to extend this strategy to iron,
we reported the tetra-isocyano complex Fe(N2)(CNArMes2), (ArMes2 =2, 6-(2,4,6- Me3CeH2)2CeH3),
which ostensibly formed by N, trapping of the Fe(CNAr"®2), fragment. However, working in an
argon-filled glovebox led to rapid product decomposition via intramolecular ligand activation.>* It
was later indicated by low level density functional theory (DFT) calculations that the predicted
ground state electronic structure of the model complex Fe(CNPh)4 is a singlet instead of the desired
triplet spin state as a result of the increased o-donor and diminished m-acceptor properties of aryl
isocyanides relative to CO.3>*¢ The more electron-rich Fe(CNPh)s; was predicted to possess a
higher lying 2a: molecular orbital (Fe d), which would encourage spin pairing in the b»-

symmetric orbital that is predominantly Fe dxy in character. This may partially account for the

instability of Fe(CNArMe2), despite a sterically crowded coordination sphere. In contrast, the
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hypothetical molecule Fe(CO)2(CNPh), was predicted to possess a triplet ground state, like
Fe(CO)4. Accordingly, we report our efforts to stabilize a heteroleptic iron complex featuring both

isocyanide and carbonyl ligands that effectively mimics the reactivity of Fe(CO)s4.

5.2 Dinitrogen Binding by an FeL4 Fragment

We recently reported a series of iron complexes with a mixed ligand set of CO and the
sterically encumbering isocyanide (Ar™PP?2 = 2 6-(2,4,6-(i-Pr);sCsH2)2C¢H3).337 The formally
iron(-II) species K;[Fe(CO)2(CNAr™PP2),] could be oxidized by molecular iodine (I2) in an N
atmosphere to cleanly generate Fe(N2)(CO)2(CNAr™PP?), (1; Scheme 5.1). As in the case of
Fe(N2)(CNArMes2),, it is likely that a four-coordinate iron(0) species is formed fleetingly, but it is
rapidly intercepted by Nao. Compound 1 has a trigonal bipyramidal geometry with axial isocyanides
and an equatorial plane consisting of the two CO ligands and N». The bond between iron and N»
appears weak based on a long internuclear Fe-N distance of 1.8850(33) A and an unactivated N=N
triple bond (1.1059(41) A). Additionally, the IR absorbance from the N> ligand of 1 occurs at 2194
cm™!, indicating minimal Fe—N 7 backdonation due to the presence of strongly m-acidic CO and
isocyanide ligands.*® Notably, this stretch lies at nearly 130 cm™! higher frequency than the more
electron rich Fe(N2)(CNArMe2)24 and 50-55 c¢cm™' lower frequency than matrix-generated
Fe(N2)(CO)4.!! This is consistent with the intermediate o-donor/n-acceptor ratio of a mixed ligand
set, and it suggests that the electron density at iron in 1 more closely resembles that of Fe(N2)(CO)4
than Fe(N2)(CNArMe2),35 These three isolobal species adopt analogous trigonal bipyramidal
coordination geometry with N> bound at an equatorial site. Although Fe(N2)(CO)s was originally
thought to feature an axially bound N> ligand, it was later found to prefer equatorial coordination

of N> (Figure 5.1).!1%
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Scheme 5.1. Synthesis of Fe(N2)(CO)2(CNAr™PP?), (1) showing the proposed intermediacy of
Fe(CO)y(CNATPP2),

Figure 5.1. Solid-state structures of Fe(N2)(CO)2(CNAr™P2); (1) and Fe(N2)(CNArMe2),, *Note:
The solid-state structure of Fe(N2)(CO)4 is not known, but polyethylene film matrix-isolation data
suggest equatorial N> coordination.”

Complex 1 shows moderate stability in inert atmospheres and can be handled in solution
at room temperature without noticeable diminution over the course of approximately 30 minutes.
The only identifiable iron-containing products after the decomposition of 1 are
Fe(CO)3(CNAr™P?), and Fe(CO)»(CNArT™PP2);, as assessed by 'H NMR spectroscopy and X-ray

crystallography, which likely form via intermolecular ligand redistributions following Na
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dissociation. Conversely, Fe(N2)(CNAr™M®?); decomposes through an intramolecular ligand
degradation pathway on a similar timescale, and Fe(N2)(CO)4 has a lifetime of significantly less
than one second at room temperature.’*3° Evidently, the larger steric profile of CNAr™Pp2
discourages intramolecular decomposition processes for 1 while also kinetically stabilizing the

labile N> ligand.

5.3  Small Molecule Activation by Fe(N2)(CO)2(CNAr'Ppr2),

Given the apparent lability of the N> ligand, we reasoned that 1 would display analogous
reactivity to Fe(CO)s in the presence of certain substrates. Indeed, exposing a CsDs solution 1 to
an atmosphere of Hzin a J. Young tube led to an immediate lightening in color to pale yellow. The
FTIR spectrum showed a disappearance of the N stretch along with a ca. 25 cm™ blueshift of the
asymmetric CN stretch, and the 'H NMR spectrum revealed a single hydride resonance at 8 = —
9.46 ppm. The product was determined by single crystal X-ray diffractometry to be cis,cis, trans-
H,Fe(CO)2(CNArT™PP2), (2; Scheme 5.2, Figure 5.2) serving as an important analogue of
H>Fe(CO)a, the first transition-metal hydride complex described in the literature.*® HoFe(CO)s was
first prepared through the Hieber base reaction between hydroxide (OH") and Fe(CO)s,*! which
has been employed for molecular water-gas shift chemistry.*> Additionally, matrix-isolated
Fe(CO)s was shown to react with H» in the first instance of dihydrogen oxidative addition to a
metal center under cryogenic conditions.* Later, polyethylene film matrix isolation allowed for
the thermal reaction between Fe(N2)(CO)4 and H> at 210 K in a more direct analogy to the reaction
between 1 and H» forming 2.3 Importantly, 2 is stable to vacuum at room temperature contrasting

with HoFe(CO)4, which liberates dihydrogen above —10 °C. Iron dihydrides of the type H2Fe(PR3)4

147



and H>Fe(CO)2(PR3)> have been crystallographically characterized; however, an important

distinction is that they are derived from hydride and proton sources and not Hp.#+

Figure 5.2. Solid-state structure of HoFe(CO)2(CNAr™™PP2), (2).
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Unlike with H, the oxidative addition of Si—H bonds to matrix-isolated Fe(CO)4 has not
been reported despite the ability of Fe(CO)s to photochemically hydrosilylate alkenes, presumably
due to a lack of thermal energy required to surpass the higher activation barrier for Si—-H bond
cleavage. However, photolysis or thermolysis of Fe(CO)s with HSiCl3 or HSiPhs generates
isolable HFe(SiR3)(CO)4 complexes, which have been spectroscopically characterized.’®>! In
order to glean definitive structural information from compounds of this type, 1 was treated with
HSiEt; at room temperature. A hydride resonance was observed at du =—9.45 ppm, effectively the
same chemical shift as 2. Analysis of single crystals grown from a n-pentane/Et2O mixture
revealed the product to be HFe(SiEts)(CO)2(CNAr™PP2), (3; Scheme 5.3, Figure 5.3). Relative to
1, the asymmetric VCN stretch of 3 shifts 20 cm™ to lower frequency, whereas both vCO stretches
shift by about 40 cm™ to higher frequency. Similar results were obtained when the primary silane
H3SiPh was added to 1 resulting in the clean formation of HFe(H,SiPh)(CO)2(CNAr™™PP?), (4;
Scheme 5.3, Figure 5.4) as confirmed by X-ray crystallography. It is worth noting that
Fe(N2)(CNArMes2), has not been observed to oxidatively add H» or silanes, presumably as a result
of steric congestion imposed by four encumbering m-terphenyl isocyanides preventing the

rearrangement required to accommodate two more ligands on iron.
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Scheme 5.3. Synthesis of HFe(SiEts;)(CO)2(CNAr™PP2), (3) and HFe(H2SiPh)(CO)2(CNAr'Pp2),
(4) by the oxidative addition of the corresponding silane.

AY,

Figure 5.3. Solid-state structure of HFe(SiEts)(CO)2(CNAr™PP2), (3).
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Figure 5.4. Solid-state structure of HFe(H2SiPh)(CO)2(CNAr™PP2), (4),

The above results show that 1 successfully recreates some of the chemistry performed by
Fe(CO)4, behaving as a stabilized source of a four-coordinate iron(0) fragment. This led us to
explore reactions that have not been observed with Fe(CO)s. Since Fe(CO)4 is most commonly
accessed by UV irradiation or at elevated temperatures, its reactivity with light- or temperature-
sensitive substrates is not well defined. For example, reactions between iron carbonyls (i.e.
Fex(CO)9 and Fe(CO)s) and white phosphorus (Ps) are largely phenomenological leading to
multinuclear or polymeric products.’>> However, when 1 is treated with a toluene solution of 1.1
equivalents P4, full conversion to a new major product displaying one CNAr™PP2 environment by
'"H NMR and IR spectroscopy is achieved within 30 minutes. Additionally, two 3!P resonances

were observed at dp = —-254.0 and —335.3 ppm . Structural determination from X-ray diffraction of

orange crystals revealed Fe(i?-P4)(CO)2(CNAr™™PP?), (5; Scheme 5.4, Figure 5.5), in which the
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cleavage of one P—P bond of the tetrahedron occurs at iron creating a chelating butterfly P4 unit.
This activation mode of phosphorus has only been observed for group 4 and group 9 transition
metals making compound 5 structurally unique among iron complexes. However, it is worth noting
that three complexes of the formulation Cp“Co(k?-P4)L have been fully characterized,**>° in line
with the qualitative isolobal relationship between [Fe(CO)4] and [CpM(CO)] fragments (M =

group 9 metal).>’

oc/Fle—NEN —_Nz> oc/Fe‘P/l

Scheme 5.4. P-P bond scission by 1 to form the butterfly P4 complex Fe(i?-P4)(CO)2(CNAr'Pp2),
(3).
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Figure 5.5. Solid-state structure of Fe(i>-P4)(CO)2(CNAr™PP2), (5).

The Fe(CO)4 fragment has also not been shown to react with boranes. Preliminary findings
of the treatment of 1 with catechol borane display spectroscopic signatures similar but not
equivalent to dihydride complex 2 suggesting possible oxidative addition of the B-H bond. If
verified, this compound would be only the second structurally characterized example of an iron
hydrido-boryl complex.’®® Stoichiometric and potential catalytic investigations involving

compounds 2, 3, 4, and the presumed boryl complex are underway.
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5.4  Unusual Solvent Binding by [Fe(CO)2(CNAr™Pp2),]

Separately, it was noted that 1, when handled under N>, reversibly changed color from
yellow-orange to brown upon exposure to vacuum in Et;O or THF solutions. 1 was brought into
an argon-filled glovebox and stored at —35 °C in a n-pentane/THF mixture overnight, depositing
dark yellow crystals from the brown solution. The species was determined to be
Fe(THF)(CO)2(CNATr™PP2), (6; Scheme 5.5, Figure 5.6) by X-ray diffraction, in which a molecule
of THF had displaced N>. The other ligands about iron rearrange such that the equatorial plane
now consists of the two isocyanides and one CO ligand, and the molecular z-axis contains the other
carbonyl ligand and THF. This likely occurs to maximize m-stabilization of the HOMO (dxy) by
placing three m-acidic ligands in the equatorial plane. While there are 291 crystallographically
characterized iron complexes with THF as a ligand in the Cambridge Structural Data Base,> to

our knowledge, 6 is the only example of THF binding to a formally iron(0) center.
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Scheme 5.5. Unique solvent binding by iron(0) in Fe(THF)(CO)(CNAr™PP?), (6) and
Fe(CO)2(CNArTPP2),(12-(C,C)-CeHsF) (7).

Figure 5.6. Solid-state structure of Fe(THF)(CO)2(CNATr™PP2), (6).
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In order to avoid N> and strongly coordinating solvents, the oxidation of
K:[Fe(CO)2(CNAr™PP2),] was performed in thawing fluorobenzene (CsHsF) under Ar. The FTIR
spectrum of the crude reaction mixture showed one major product with vCN and vCO stretches
indicative of a new trigonal bipyramidal iron(0) complex. Single crystal X-ray analysis
demonstrated the product to be Fe(CO)2(CNAr™PP2),(n2-(C,C)-CsHsF) (7; Figure 5.9), a rare
example of an unsupported n?-arene iron complex. The bond lengths in the fluorobenzene ring
indicate that aromaticity is largely retained upon coordination to iron with only slight deviations
to a pseudo-cyclohexatriene structure. 7 can also be generated by dissolving 1 in C¢HsF under
argon and exposing to vacuum for ca. 5 minutes (Scheme 5.5). Despite minimal fluorobenzene
activation apparent in the solid-state structure, leaving 7 dissolved in n-pentane for prolonged
periods (> 1 month) at —35 °C deposited crystals of a new species Fe(CO)2(CNAr™PP2)(n-
(N,C,C,C)-ArTPP2NC(H)CsH4F) formed formally from isocyanide insertion into an aryl C-H bond
(Figure 5.8), which points to the potential for Fe(CO)(CNAr™PP?), to effect sp> C-H bond

functionalization.
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Figure 5.7. Solid-state structure of Fe(CO)2(CNAr™PP2)(12-(C,C)-C¢HsF) (7) (Left) and zoom-in
depicting bond lengths of the bound arene (Right).

Figure 5.8. Decomposition of 7 by isocyanide insertion into an aryl C-H bond leading to n*
coordination to iron.
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5.5 Alternative Routes Toward Fe(CO)2(CNAr'"Pp2),

In addition to I oxidation of the metallate Ko[Fe(CO)2(CNAr™PP2),  attempts at reduction
of the Felo(CO)2(CNAr™PP2), precursor were also employed. Varying the reaction conditions
using sodium amalgam or potassium graphite as the reductant in toluene, Et,O, THF, and
combinations thereof led to intractable mixtures of iron products in multiple oxidation states
according to IR spectroscopy. By using magnesium anthracene in toluene, conversion to a new
major product was observed by IR as the solution turned from brown to bright red. Storage of the
product mixture in n-pentane at —35 “C under Ar overnight gave a combination of orange, yellow,
and colorless crystals. The yellow crystals were Fe(CO)3;(CNAr™PP?), and the colorless crystals
were free anthracene based on unit cell determinations. However, X-ray crystallography identified
the orange product as Fe(CO)2(CNArTPP2),(n2-(C,C)-C14H10) (8; Scheme 5.6, Figure 5.9). Like
fluorobenzene adduct 7, anthracene is bound to iron in a structurally unique n? fashion with
minimal activation of the arene. One of the isocyanides distorts significantly from linear in order

to accommodate the large arene ligand in the equatorial plane.

2L T
1]
C
| Mg(C14H10)
Ar (9)
oc’ \, - Mgl,

Scheme 5.6. Reduction of Fely(CO)(CNAr™PP2), with magnesium anthracene to yield
Fe(CO)a(CNALTPP2),(12-(C,C)-C1aHi0) (9).
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Figure 5.9. Solid-state structure of Fe(CO)2(CNAr™PP2),(12-(C,C)-Ci4Hi0) (8).

A promising path forward revisits the strategy used to synthesize Fe(N2)(CNArMe2),. In
that article, [Fe(CNArM®2),]>~ was protonated to [HFe(CNArMe2),]-, which was subsequently
treated with methyl triflate (MeOTY) (triflate = trifluoromethanesulfonate, [CF3SOs]") to eliminate
methane.* To that end, Ko2[Fe(CO)2(CNAr™PP2),] was treated with trimethylsilanol (TMSOH),
and K[HFe(CO)2(CNAr™PP2),] (9) was isolated in good yield. Fortuitously, 9 was found to be
moderately soluble in n-pentane allowing for the exclusion of coordinating solvents. Contrastingly,

K>[Fe(CO)2(CNAr™PP2),] and Felo(CO)2(CNAr™PP2); are sparingly soluble in alkanes and require
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the use of aromatic or ethereal solvents. Initial test reactions adding MeOTf in thawing n-pentane
to thawing n-pentane solutions of 9 have not been successful in isolating an unsaturated iron
complex. So far, the major products identified have been Fe(CO)(CNAr™PP2); and
Fe(CO)3(CNATr™PP2); as a result of ligand scrambling. Another species has also been identified by
a low quality crystal structure as the divalent alkyl complex Fe(CH3)(OTf)(CO)2(CNAr'Pp2),
possibly originating from the oxidative addition of MeOTf by Fe(CO)2(CNAr™P2),, Continued

efforts to isolate this highly reactive unsaturated metal fragment are ongoing.

5.6 Concluding Remarks

The four-coordinate iron fragment Fe(CO)s has attracted continued attention from
organometallic chemists for its ability to bind and activate a variety of small molecules as well as
for its unusual high spin triplet electronic ground state. However, the transient nature of this
intermediate species has inhibited detailed structural and stoichiometric reactivity studies. The
work presented above describes our efforts toward the isolation of an analogue of Fe(CO)4 using
m-terphenyl isocyanides as sterically encumbering surrogates for CO. It was determined that
previous investigations of Fe(N2)(CNArM®?), were not successful in modeling the behavior of
Fe(CO)4 for two main reasons. Firstly, the presence of four m-terphenyl substituents provided too
much congestion such that the tetra-isocyano iron fragment could not accommodate oxidative
addition products. Secondly, the higher -donor/n-acceptor ratio of isocyanides relative to CO led
to a more electron-rich iron center destabilizing the desired S = 1 spin state and favoring a singlet
electronic ground state. It was also predicted that the hypothetical molecule Fe(CO)2(CNAr™),

would possess a triplet ground state, which led us to investigate Fe(N2)(CO)2(CNAr™PP2), (1) due
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to the resistance of CNAr™PP2 to undergo intramolecular ligand degradation and electronic
stabilization provided by two carbonyl ligands.

Complex 1 is isolobal to matrix-isolated Fe(N2)(CO)s, and the N> ligand of both species
has been found to be substitutionally labile. In the absence of N2, 1 binds two-electron donors such
as THF and arenes in an n? fashion, highly unusual for iron(0) complexes. 1 also oxidatively adds
E-H bonds (E = H, Si) in analogy to Fe(CO)s and contrasting with Fe(N2)(CNArMes?),,
Accordingly, we have claim diamagnetic compound 1 as a masked analogue of Fe(CO)4 in the
singlet spin state. The target Fe(CO)2(CNAr™P2); is likely within reach and worthy of further

synthetic efforts in order to verify the predicted triplet ground state.

5.7 Synthetic Procedures and Characterization Data

General Considerations. All manipulations were carried out under an atmosphere of
purified dinitrogen using standard Schlenk and glovebox techniques. Unless otherwise stated,
reagent-grade starting materials were purchased from commercial sources and either used as
received or purified by standard procedures.®® Solvents were dried and deoxygenated according to
standard procedures.’! Benzene-ds (Cambridge Isotope Laboratories) was distilled from NaK
alloy/benzophenone and stored over activated 3 A molecular sieves for 2 d prior to use. Celite 405
(Fischer Scientific) was dried under vacuum (24 h) at a temperature above 250 °C and stored in a
glovebox prior to use. Compounds CNAr™ P2 and Fe(N2)(CO)2(CNAr™™PP?), were prepared as
previously reported.?®*’

Solution 'H and 3C {'H} NMR spectra were recorded on a Varian Mercury 400 or a Varian
X-SENS 500 spectrometer. 'H and '*C{'H} chemical shifts are reported in ppm relative to SiMes4

('H and *C & = 0.0 ppm) with reference to residual solvent resonances of 7.16 ppm ('H) and
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128.06 ppm (13C) for C¢Ds. FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR
spectrometer. Samples were prepared as KBr pellets or CsDs or THF solutions injected into a
ThermoFisher solution cell equipped with KBr windows. Solvent peaks were digitally subtracted
from all solution FTIR spectra by comparison with an authentic solvent spectrum obtained prior
to that of the sample. The following abbreviations were used for the intensities and characteristics
of important IR absorption bands: vs = very strong, s = strong, m = medium, w = weak, vw = very

weak; sh = shoulder.

Preparation of H2Fe(CO)2(CNAr™PP2); (2). In a J. Young NMR tube, a CsDs solution
of 1 was subjected to three freeze-pump-thaw cycles, and an atmosphere of Hz was introduced.
The color quickly lightened from orange to yellow. The product mixture was brought back into a
nitrogen-filled glovebox, and volatiles were removed in vacuo. Single crystals were grown from

n-hexane/benzene (15:1) at —35 °C overnight.

Preparation of HFe(SiEt3)(CO)2(CNAr™"PP2), (3), To a Et2O solution of 1 was added a
Et,0 solution of HSiEt3 (1.2 equiv.). The mixture was stirred for 15 minutes, after which time the
solvent and excess silane were removed by vacuum. The yellow solid was dissolved in n-

hexane/Et>O (10:1) for recrystallization at —35 °C overnight producing diffraction quality samples.

Preparation of HFe(H:SiPh)(CO)2(CNAr™PP2); (4). To a Et;O solution of 1 was added
a Et,O solution of H3SiPh (1.2 equiv.). The mixture was stirred for 15 minutes, after which time
the solvent and excess silane were removed by vacuum. Dissolution of the product in n-

pentane/benzene and storage at —35 “C overnight deposited crystals suitable for diffraction studies.
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Preparation of Fe(k2-P4)(CO)2(CNArTPP2), (5). A toluene solution of P4 (5 mL) was
added to a thawing toluene solution of 1 (1 mL) and stirred for 30 min. The solvent was evaporated,
and the resulting solid was dissolved into n-pentane. Single crystals formed within minutes of

placing the vial into the —35 °C glovebox freezer.

Preparation of Fe(THF)(CO)2(CNAr™"PP2), (6). Compound 1 was brought into an argon-
filled glovebox as a solid. The vial headspace was evacuated of N2, and THF was added as a
solution in n-pentane. The solution immediately turned dark, and blackish-yellow crystals were

grown from n-pentane at —35 °C overnight.

Preparation of Fe(CO)2(CNArPP2),(n2-(C,C)-CsHsF) (7). In an argon-filled glovebox,
Ko[Fe(CO)2(CNAr™PP?2),] was dissolved in fluorobenzene (CsHsF). Molecular iodine (I2; 0.9
equiv.) was also dissolved in CsHsF, and both solutions were frozen. The 1> solution was thawed
and immediately added to the frozen solution of K>[Fe(CO),(CNAr™PP2),]. The mixture was

stirred at —35 °C for 30 min, after which time volatiles were removed in vacuo with the vial kept

cold.

Preparation of Fe(CO)2(CNAr™PP2),(n2-(C,C)-C14H10) (8). Magnesium anthracene (2
equiv.) was stirred in THF for 30 minutes prior to being added to a thawing THF solution of
Felb(CO)2(CNArT™PP2), The mixture was stirred to room temperature for 30 minutes followed by
solvent evaporation. The product mixture was extracted in n-pentane/Et,O (1:1) and crystallized
from n-pentane/THF/toluene (10:1:1). Orange crystals of Fe(CO)2(CNAr™PP2),(12-(C,C)-C14H0)

were selected by the Pasteur method.
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5.8 Details of Crystallographic Structure Determinations

General. Single X-ray structure determinations were performed at 100 K on Bruker Kappa
diffractometers equipped with Mo radiation source and an APEX-II CCD area detector. All
structures were solved via direct methods with SHELXS%? and refined by full-matrix least-squares
procedures using SHELXLS? within the Olex2%* software. All hydrogen atoms have been removed

for clarity. Disordered components and co-crystallized solvent molecules are not shown for clarity.
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