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Reactive metal sites embeddedwithin microporous metak
organicframeworkshave garneredconsiderablaecentattention,
primarily owing to potentialapplicationsn hydrogenstoragé and
catalysis’ Suchsiteshaveusuallyarisenduring frameworkforma
tion as a consequencef structure,but have occasionallybeen
generatedhroughsubsequentationexchangéik bridgereductiont
or metalinsertionreactions® In the courseof studyingthehhydrogen
storagepropertiesof Zn,O(BDC) (BDC? = 1,4-benzenedicar
boxylate)? we consideredhe possibilitythattransitionmetalcenters
mightbeattachedn anz?® fashionto the benzeneings constituting
most of the internal surfaceof the material.In particular, piano
stool complexesof the type (n%-arene)M(COy (M = Cr, Mo, W)
have enjoyeda rich chemistry and can be generatedundermild
conditionscompatiblewith the frameworkstability > In frozengas
matricesand supercriticalfluid solutions,suchspecieshavebeen
foundto undergdlight-activatedsubstitutionchemistryin which a
COligandis replaceday N, or H,.6 Here,we showthatthebenzene
ringswithin Zn,O(BDC); canbefully loadedwith Cr(CO) groups
andthatthe productundergoesinalogouphotochemicateactions.
Moreover, becausethe metal centersare pinned to the rigid
scaffoldingof the metal-organicframework,the stability of the
resultingN, and H, complexess greatlyenhanced.

The synthesiof Zn,0[(%-1,4-benzenedicarboxylate)Cr(GR)
(1) was accomplishedusing a route similar to one previously
employedin generatinga variety of substituted%-arene)Cr(CQy
complexes(seeFigure 1).> Recognizing,however,that the solid
product could not readily be separatedrom any insoluble side
productsformedduringthereaction extracarewastakento purify
all reagentsindsolventsandto excludeoxygenrigorously.Under
a nitrogen atmosphereZn,O(BDC); (50 mg, 0.065 mmol), Cr-
(CO)% (140mg, 0.65mmol), dibutylether(6 mL), andTHF (1 mL)
wereloadedinto a borosilicateampule. The reactionmixture was
cooledto —78 °C anddegassednderreducedoressuretheampule
wasthenflame sealed.The sealedtube was heatedat 140 °C for
5 days, during which time the colorlesssolid turned dark red,
indicating the attachmentof Cr(CO) units. Upon cooling, the
productwasremovedfrom the ampuleundernitrogenandwashed
with THF andCH,ClI; to extractanyunreactedCr(CO). Theguest
solventwas then evacuatedo afford 71 mg (92%) of 1 asared
powder. As detailed in the Supporting Information, a similar
reactionemployingMo(CQY) yielded the partially functionalized
compoundZn,O[(BDC)(Mo(CO)x)o.643. Both compoundsare in-
solublein commonorganicsolventsbut decompose@ponexposure
to water, acid, or base.

The powder X-ray diffraction patternof 1 indexesto a face-
centeredcubic unit cell nearly identical to that of Zn,O(BDC);,
demonstratingthat it possesseshe same network structure of
[Zn4Q]¢" tetrahedraridgedby linear benzenedicarboxylatenits.
The infrared spectrumshowstwo new peaksin the CO stretching
region,a sharppeakat 1990cm~* anda broadeipeakat1929cm1.
This matchesalmost perfectly with the CO stretching bands
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Figure 1. Reactionof ZnsO(BDC); with Cr(CO)k to generateZnsO-
[(BDC)Cr(CO}]s (1), followed by photolysisunder N, or H, to afford
Zn4O[(BDC)Cr(COX(N2)]s (3) and ZnsO[(BDC)Cr(COX(H2)]3 (4).
observedfor (H,BDC)Cr(CO} (seeFigure S1), indicatingthat 1
indeedcontainsCr(CO) groupsattachedn an 7% fashionto the
benzeneaings of the framework.To determinethe extentof their
incorporation,a samplewas digestedusing dilute HCI and the
insolublematerialdissolvedin (CDs),CO. TheH NMR spectrum
of the solutionshowedthe presencef (H,BDC)Cr(CO} (6 = 6.3
ppm)andno H,BDC (6 = 8.1 ppm), establishinghatca.100%of
the benzeneings in the frameworkare coordinatedto Cr(CO).
Elementaknalysisconfirmedthis result,with chromiumaccounting
for 13 wt % of the material. Consistentwith retention of a
microporousstructurean N, gasadsorptiormeasuremergerformed
onlat77K revealeda Typel isothermindicatinga BET surface
areaof 2130m?/g (seeFigure S2).

Attemptswere madeto generateopenchromiumcoordination
sitesby simply heatingl to evolve CO gas.As shownin Figure2,
athermogravimetrianalysisrevealeda weightlossof 20.7 wt %
betweenl50and210°C, correspondingo removalof all nine CO
ligands per formula unit. Further heating exposeda plateauof
compositionabtability up to ca.360°C. Measurementperformed
on a solid sampleof the molecularcomplex (H,BDC)Cr(CO}
producedanalogougesults,with lossof all CO ligandsbetween
150 and 250 °C. To better characterizethe decarbonylated
framework,a bulk samplewas preparedby heatingl at 200 °C
undera flow of nitrogenfor 5 h. The infrared spectrumof the
resultinggray powder(2) displayedno peaksin the range1800—
2300 cm™1, confirming the absenceof CO or N, ligands. The
powderX-ray diffraction patternindexedto the sameunit cell as
Zn,O(BDC);, indicatingthat the frameworkskeletonis still intact
in 2. Unfortunately,low-pressureN, and H, adsorptionmeasure
ments performed at 298 K showed uptake of fewer than 0.2
moleculesper formula unit at 298 K (seeFigure S3). Thus, far
fewerthanthreeopencoordinationsitesper metalareavailablein
2, suggestinghat the chromiumatomsmay becomemobile and
aggregatat 200°C. Removalof the CO ligandsby heatingl under
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Figure 2. Thermogravimetri@analysef 1 (solid line) and (H.BDC)Cr-
(CO); (dashedine) heatedunderN, at a ramprate of 0.5 °C/min.

aflow of He, H,, or Ar alsoproducedgray solidsexhibitingsimilar
low N, andH, uptakecapacities.

Gentler photolysisconditionsenabledsubstitutionof a single
CO ligand per metal by N,. The UV—vis diffuse reflectance
spectrumof 1 displaysa peakcenterecat 430 nm. Accordingly,a
sampleof 1 wasmixed intimately with KBr andirradiatedusing
450-nm (fwhm = 70 nm) light under a flow of N,. During
irradiation,thetwo infraredbandsat 1929and1990cm* gradually
disappearedynd,after5 h, werereplacedy two newCO stretching
bandsat 1921and1953cm 1, alongwith an N, stretchingbandat
2177cm ! (seeFigure 3). The resultingspectrumis very similar
to thatof (CgHg)Cr(COX(Ny),” aswell asnumerousther(%-arene)-
Cr(COX(N) complexed, indicatingthat the photolysisproductis
Zn,O[(BDC)Cr(CO}(N2)]s (3). Hereagain,powderX-ray diffrac-
tion dataconfirmedthat the framework skeletonis intact. While
the mechanisnof suchphotosubstitutiorreactionsis not certain,
it is thoughtto involve dissociationof CO to createan open
coordinatiorsite on the metal,followed by N binding? Importantly,
compound3 displaysremarkablestability undera nitrogenatmo
sphere While molecular(;8-arene)Cr(CQYN,) complexegyener
atedin supercriticalXe graduallydecomposat 25 °C in the dark¢
3 showedno signs of decompositioneven after two weeksin
ambientight. This enhancedtabilityis likely dueto thechromium
centersbeingpinnedto thewalls of the framework,which prevents
reactionsinvolving two or morechromiumatomsandenableghe
irreversibleevacuatiorof CO.

Photolysisof 1 undera flow of H, affordeda new product,4,
with an infrared spectrumfeaturingtwo CO stretchingbandsat
1904 and 1947 cm™* (seeFigure 3d). The positionsand relative
intensitiesof thesebandsareconsistentwith an (;8-arene)Cr(CQOy
(L) specied.® Since4 was not generatedby irradiating 1 under
dynamicvacuum,t mostlikely correspondso thecompoundZn,O-
[(BDC)Cr(CO)(H,)]s, containing a nonclassicalH, complex.
However,aswith analogoug8-arene)Cr(CQYH,) speciesadirect
signatureof the boundH, ligand wasnot apparenin the infrared
spectrumCompound4 alsoexhibitsimprovedstability relativeto
its molecularanaloguesSealedunderl Torr of H,, 4 showedno
signsof decompositiorafter two weeksat 25 °C underambient
light. This is a tremendousncreasein stability when compared
with (CsHsMe)Cr(COY(H,), which hasa half-life of just 3 min at
25 °C in supercritical Xe..¢ Under a nitrogen atmospherethe
infrared spectrumof 4 gradually changesuntil, after 12 h, the
compoundhas completelyconvertedinto 3 (seeFigure 3). This
substitutionof N, for H; is consistentwvith the establishedability
of the Cr°—H, bond1°

Theforegoingresultsdemonstrata straightforwardmethodfor
functionalizingthe benzeneingsin Zn,O(BDC); with photoactive
Cr(CO); groups.Mostimportantly,the work showshow a metat
organicframeworkcanserveasa rigid matrix for isolatingmetal
complexesandcarryingoutreactionchemistrypreviouslyrestricted
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Figure 3. Infraredspectraobserveduponirradiating(4 = 450 nm, fwhm
= 70nm)asampleof 1 for 0 (a), 2 (b), and5 (c) h underaflow of N, and
for 10 h underaflow of H; to give 4 (d). Spectrae) and(f) wereobtained
uponexposureof 4 to N; for 2 and 12 h, respectively.

to thegasphasefrozengasmatricesor supercriticafluids. Future
effortswill attemptto takeadvantagef theremarkablestabilizing
influenceof the framework,focusing,for example on performing
substitutionsof the secondand third CO ligands,as well as on
producingsufficient quantitiesof the materialsto investigategas
sorptionproperties.
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